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ABSTRACT OF THESIS 
PROPAGATION F QUAKING ASPEN (POPULUS TREMULOIDES MICHX.) 
FROM ROOT CUTTINGS 
Lateral root cuttings were collected at five quaking aspen 
(Populus tremuloides Michx.) clones in Larimer County, Colorado on 
October 2, 1977 and May 30, 1978. The October 1977 root cuttings were 
stored eight months in air-tight plastic bags at Oto 4°C. On June 1, 
1978 the stored (October 1977) and the fresh (May 1978) root cuttings 
were planted in a greenhouse propagation bench. All sprouts that 
developed were allowed to grow on half of the 10-cm long root cuttings 
randomly selected as controls. On the remaining half of the root cut-
tings, designated pruned, all but the tallest sprout were removed 43 
days following planting and continually thereafter. 
Eighty percent of the fresh root cuttings and 24 percent of the 
stored root cuttings sprouted during the 130-day test period. Clonal 
differences in sprouting percentage existed within the fresh and the 
stored root cuttings. As root cutting volume increased, sprouting 
ability increased within the 1.7 cc to 70.1 cc range studied. 
The first root cuttings sprouted 11 days after planting. Ninety-
eight percent of the root cuttings that sprouted within the test period 
had done so 39 days after planting. Clone, storage treatment, and 
root cutting volume did not affect the length of time between planting 
and sprouting. 
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The average height of the tallest sprout on each of the sprouted 
root cuttings was 63 mm, measured 65 days after planting when height 
growth stopped as dormancy occurred. Clone, storage treatment, and 
pruning treatment did not significantly affect the height of the 
tallest sprouts, however, sprout height increased as root cutting 
volume increased. 
The average number of sprouts per control root cutting was 8.3. 
Fresh control root cuttings had a higher average sprout number (9.3) 
than stored control root cuttings (2.4). Sprout numbers increased as 
root cutting volume increased, and clonal differences in average sprout 
number were possibly affected by root cutting volume differences be-
tween the clones. 
Approximately one-third of the sprouted root cuttings formed 
new roots from the cutting or from sprouts; most new roots formed from 
sprouts. New roots did not form on any of the non-sprouted roots cut-
tings, and the frequency of new root formation among the sprouted root 
cuttings increased as root cutting volume increased. Fresh root cut-
tings and control root cuttings developed new root systems approximately 
twice as often as stored root cuttings and pruned root cuttings. The 
average height of the tallest sprout was not affected by the formation 
of new roots. 
Karen Elizabeth Burr 
Department of Forest and Wood 
Sciences 
Colorado State University 
Fort Collins, Colorado 80523 
November, 1980 
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Research involving the propagation of quaking aspen (Populus 
tremuloides Michx.) for the production of outplanting stock has been 
undertaken cooperatively by the Rocky Mountain Forest and Range 
Experiment Station and Colorado State University with the goal of 
establishing quaking aspen on sites where this species is not present. 
While the artificial regeneration of quaking aspen may serve many uses 
in the fields of habitat improvement and watershed management, for 
example, and while aspen is highly regarded for its scenic beauty in 
the Rocky Mountain region, current emphasis is being directed toward 
the establishment of quaking aspen wildfire fuel breaks at strategic 
locations in mountain communities. The effect of quaking aspen stands 
in minimizing fire ignition, in bringin9 crown fires to the surface, 
and in decreasing the rate of spread of surface fires is well docu-
mented (Fechner and Barrows, 1976). Before establishment of quaking 
aspen fuel breaks can be confidently recommended, however, information 
on the propagation of this species for western conditions is necessary. 
Under natural conditions, quaking aspen occurs in clones of 
genetically identical trees throughout its range (Barnes, 1966). The 
clonal growth habit is common because quaking aspen has the ability to 
1 
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regenerate vegetatively by adventitious shoots 1 that originate on the 
roots. Although most clones are thought to be of seedling origin 
(Barnes, 1966; Kemperman, 1977), quaking aspen rarely regenerates by 
seed (Baker, 1918) due to exacting environmental conditions required 
for seedling survival (Barnes, 1966; Brown, 1935; Maini, 1968a; Moss, 
1938). Thus, quaking aspen has been able to remain a widespread and 
abundant species primarily because of its root suckering ability 
(Schier, 1976). 
Potential methods of artificial establishment of quaking aspen 
include the outplanting of several types of plant material: nursery 
seedlings, root cuttings, and rooted hardwood or greenwood stem cut-
tings. To produce seedling stock, conventional nursery techniques 
such as open seed beds, satisfactory for larger-seeded species, are 
not suitable for quaking aspen. In addition to being very small, 
approximately 1 mm in length, quaking aspen seeds lose their viability 
rapidly, are subject to damping-off and mold, and are easily washed 
from the soil during the first few weeks of slow seedling growth 
(Benson and Einspahr, 1962; Einspahr, 1959). The Institute of Paper 
Chemistry, Appleton, ~/isconsin, has produced limited numbers of aspen 
seedlings in specially-designed cold frames, and larger numbers, up to 
30,000 seedlings annually, under nursery conditions in outside seed 
beds heavily protected with snow fence, polyethylene film, and screen 
(Benson and Dubey, 1972). Nursery production of quaking aspen 
1The term "suckering" is used to describe adventitious shoot 
growth from an intact root system. The term "sprouting" is used to 
describe adventitious shoot growth from severed root cuttings 
(Einspahr and Winton, 1976). 
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seedlings has not been attempted on a large scale in the Rocky Moun-
tain region. It has been suggested, however, that the Institute of 
Paper Chemistry's protected seed bed procedure might be less successful 
in the West due to much drier growing conditions unless considerable 
labor were expended to monitor the moisture and temperature levels of 
the beds (Strachan, pers. comm. 1979). Efficient procedures for 
large-scale greenhouse production of containerized quaking aspen seed-
lings, which might be more suitable for the Rocky Mountain region, 
have yet to be developed. 
Only one study has been reported in which direct field plant-
ing of quaking aspen root cuttings has been tested. Following a 6-
year study, Perala (1978) concluded that establishment of aspen by 
planting root cuttings was inefficient because of the extremely low 
ratio of sprouts established per unit length of cutting. Survival of 
sprouts under field conditions was extremely poor even with site 
preparation and control of competing vegetation. Unpublished results 
of a study by G.H. Fechner indicate a similar lack of success. 
Hardwood cuttings are stem cuttings taken during the dormant 
season from wood of the previous season's growth (Hartmann and Kester, 
1975). This type of cutting has the advantage of being e,1sy to collect 
and prepare as it is not readily perishable, and like other vegetative 
propagation methods, of retaining the genetic identity of the source. 
However, the rooting ability of quaking aspen dormant ste1:1 cuttings 
is very poor compared to the relative ease of rooting other species of 
Populus (Maini, 1968a) due to the absence of preformed root primordia 
in aspen (Schier and Campbell, 1976). In addition, the most suitable 
sites and cells for the initiation of root primordia during the 
4 
propagating period are lost with the growth of secondary tissues 
(Haissig, 1974). Although two exceptions have been reported in which 
variable success was achieved (Barry and Sachs, 1968; Snow, 1938), the 
experience of most is that hardwood cuttings of quaking aspen root 
poorly if at all (Benson and Schwalbach, 1970). 
Greenwood (softwood) cuttings are stem cuttings prepared from 
the soft, succulent, new spring growth (Hartmann and Kester, 1975). 
Although greenwood cuttings require more care and equipment to keep 
them turgid at all times, they root much easier than hardwood cuttings 
because secondary stem growth has not yet formed. Two sources of 
greenwood cutting material are field collections from tree branches 
and root sprouts. Aspen greenwood cuttings taken from aerial shoots 
have a low rooting ability, however, while aspen root sprouts root 
easily after excision (Wettstein, 1940). Less than 1 percent rooting 
occurred from over 1000 field collected greenwood quaking aspen stem 
cuttings treated with different indolebutyric acid (IBA) concentra-
tions by Afanasiev (1939). In contrast, Farmer (1963a) achieved 94 
percent rooting of IBA-treated excised root sprouts. It is suspected 
that this difference is due to low levels of inhibitor Sin the bases 
of root sprouts and the high content of inhibitors in the shoots grow-
ing in the crown (Eliasson, 1969). 
In addition to the differences in rooting ability between the 
two types of greenwood cutting material, collection procedures also 
differ. Field collection of greenwood aerial shoots can be made only 
during the growing season and keeping the succulent plant material 
turgid for long periods of time while in transport from collection 
sites to propagating facilities is a major problem. Field collections 
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of root cuttings can be made any time of the year (unless the soil is 
frozen) for reasonable sprout production (Benson and Schwalbach, 1970). 
Root cuttings are easily transported in the field and can even be 
stored prior to use. The resulting advantage is the production of 
greenwood cutting material with high rooting ability at the propagat-
ing facility, which can be excised from the parent root cutting, 
rooted, and potted at convenience. Personnel of the Institute of 
Paper Chemistry have found the use of root sprouts quite suitable for 
the production of large numbers of sele cted individuals for their 
tree improvement program (Benson and Schwalbach, 1970). Barry and 
Sachs (1968), working in California where quaking aspen is not an . 
economically important forest tree, believe this may prove the best 
method for commercial propagating for landscape purposes. It is 
hoped that this procedure will also be suitable for the production of 
quaking aspen outplanting stock for use in wildfire fuel break con-
struction. 
Given the desirability of quaking aspen propagation by root 
sprouts, the objectives of this study are as follows: 
a. to investigate the effect of storage on the sprouting of 
quaking aspen root cuttings, 
b. to investigate possible clonal differences in the sprouting 
of quaking aspen root cuttings, and 
c. to investigate the effect of a pruning treatment that 
limits the number of sprouts per root cutting to one on the 




Origin of Sprouts and Suckers 
The root system of a quaking aspen clone is characterized by 
lateral and sinker roots (Barnes, 1966; Gifford, 1966). The lateral, 
spreading roots are cylindrical, taper very gradually, and branch only 
occasionally. They grow within the upper 60 cm of the soil profile 
(Brown, 1935) and can reach lengths of 30 m or more (Buell and Buell, 
1959). Sinker roots descend from the lateral system 2.0 - 2.5 m below 
the surface (Day, 1944). 
Suckers arise from lateral roots that occur near the soil sur-
face (Day, 1944; Gifford, 1966). Adventitious shoots may initiate on 
lateral roots after secondary growth has formed (Eliasson, 1971c). 
The origin of shoot primordia 2 in quaking aspen is in the periderm 
(Brown, 1935; Sandberg, 1951), secondary tissue composed of three 
layers, phelloderm, phellogen, and phellem, that originates in the 
pericycle, replacing the epidermis of the root (Esau, 1960). Shoots 
do not originate from suppressed adventitious buds which arise during 
2Primordia are shoots in early stages of development from the 
phellogen (cork cambium) and appear as phellem-covered protuberances 
that contain meristematic cells or potential apical meristems in 
various stages of morphogenesis (Schier, 1973b). They differ from 
older suppressed buds in that they do not have leaf primordia or vas-
cular traces that penetrate the annual layers of xylem to the primary 
xylem of the stele (Schier, 1973b; Schier and Campbell, 1976). 
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nonnal development of primary root tissue, as they do in balsam and 
black poplars, sections Tacamahaca and Aigeiros, respectively (Sand-
berg, 1951; Schier and Campbell, 1976). 
Sprouts and suckers can form from three levels of development: 
a. newly initiated primordia (no previous development), 
b. preexisting primordia (previously initiated), and 
c. suppressed short shoots (previously initiated and partially 
elongated) (Schier, 1973b). 
New shoot primordia form in response to disturbances in a clone that 
alter hormone balances. The newly initiated primordia may immediately 
develop into buds and then elongate into shoots, as in a. above,.but 
frequently they do not develop beyond the primordial stage until ~ 
later time, in response to another stimulus, as in b. above. 
Once fanned, preexisting primordia may remain suppressed in the 
phellogen indefinitely (Schier, 1973b). This is because the first-
formed phellogen in quaking aspen remains functional for years rather 
than being replaced by new meristems in successively deeper tissue 
which would bury the primordia in the phellem. These preexisting 
primordia are relatively abundant on the roots of most quaking aspen 
clones. However, occasionally a clone is found whose roots are almost 
devoid of preexisting primordia, in which shoots form from newly 
initiated primordia. 
Suppressed short shoots are abundant only on the roots of 
clones that have a history of disturbance (Schier, 1973b). Their 
presence indicates that shoot formation can be interrupted even after 
elongation has begun. The large number of preexisting primordia on 
the lateral roots of relatively undisturbed clones, in contrast to the 
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small number of suppressed short shoots, common only to more disturbed 
clones suggests that subtle environmental changes may be enough to 
trigger primordia initiation but that different conditions within the 
plant are required for elongation. 
Physiological Mechanisms of Sprouting 
and Suckering 
There is substantial evidence that development of suckers on 
intact quaking aspen root systems is inhibited by auxin-controlled 
apical dominance and that this inhibition is not present when roots 
are isolated from stems. Eliassen, working with European aspen (~ 
tremula L.), found that indoleacetic acid (IAA), the primary endogen-
ous auxin, present in aspen roots (Eliasson, 1969), is produced in 
the shoots of actively growing plants (Eliasson, 1971c), and is trans-
ported from the shoots to the roots where it is biologically active 
(Eliassen, 1972). Techniques designed to disrupt the flow of auxin 
to the roots of quaking aspen, such as severing the lateral roots of 
intact trees close to the trunk, stimulate sprouting, while techniques 
designed to maintain the flow of auxin to roots, such as applying 
auxin in lanolin paste to the stumps of small decapatated trees, sig-
nificantly inhibit sprouting (Farmer, 1962a). In addition, a 24-hour 
soaking treatment with solutions of IAA reduces sprout formation on 
root cuttings of quaking aspen (Farmer, 1962a) and European asprn 
(Eliasson, 1961), while the stoppage of shoot growth by short-day-
treating small European aspen reduces the auxin production in the 
shoots as well as the auxin content of the roots and promotes suckerf-
ing (Eliassen, 1971c). 
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Although auxin-controlled apical dominance may appear to ex-
plain adequately aspen regeneration by sprouting and suckering, other 
growth regulators are involved. Adventitious shoot development in 
quaking aspen roots is probably initiated by cytokinins synthesized in 
I 
root tips (Williams, 1972). Research on organogenesis from quaking 
aspen tissue culture has shown that a high ratio of cytokinin to auxin 
favors shoot initiation, while a low ratio inhibits it (Wolter, 1968). 
Sprout and sucker production can then be promoted by decreasing the 
auxin concentration or increasing the concentration of cytokinins. 
Both of these changes occur in roots when the influence of the stem 
is removed. Auxins can no longer move into the roots and cytokinins 
accumulate where they are synthesized (Schier, 1976). 
Additionally, a favorable cytokinin to auxin ratio is created 
when root cuttings are taken by the partial degradation of the auxin 
present in the cutting at that time. An examination of the auxin 
activity of European aspen root cutting extracts by Eliasson (1971b) 
showed that within 24 hours of taking a cutting the IAA content de-
creased to a low level, which was then maintained. The occurrence of 
sprouting at this lowered IAA level indicated IAA was no longer com-
pletely inhibitory. Further investigation by Schier (1975) showed 
that auxin levels in root cuttings vary following degradation and that 
the residual levels, determined by initial auxin levels at the time of 
collection, can still be partially inhibitory to sprout development. 
A seasonal variation in the auxin content of intact aspen root 
systems exists that can affect the residual auxin levels of root cut-
tings. Eliasson (1971b) found the auxin content in the root systems 
of undisturbed European aspen trees was low in May prior to bud break 
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and that it increased rapidly to a peak in June and July during the 
period of active shoot growth. The auxin content then gradually de-
creased as shoot growth stopped in August and leaf drop occurred in 
October. In November, auxin was below detectable levels in roots. 
Schier (1973c) noted a similar auxin content pattern in root samples 
from quaking aspen. Thus, from the fall to the spring, auxin levels 
are low enough to allow suckering should temperatures be high enough 
(Schier, 1975a). Root cuttings collected during that time then, have 
cytokinin to auxin ratios favorable for sprouting prior to the auxin 
degradation that occurs when the cutting is taken, which should result 
in minimal residual auxin levels. 
The effects of gibberellic acid (GA3) and abscisic acid (ABA) 
on sprouting have also been investigated, but to a much lesser extent 
than auxins and cytokinins. GA3 has been found to inhibit initiation 
of shoot primordia, probably by inhibiting division of the first pri-
mordial cells, and to stimulate shoot outgrowth once primordia are 
developed (Schier, 1973a; Schier et al., 1974). ABA, which has a 
seasonal pattern of varying levels similar to auxins (Eliasson, 1974b), 
inhibits primordia initiation as well as shoot elongation from exist-
ing primordia (Schier, 1973d). 
After shoot initiation in quaking aspen roots is triggered by 
a favorable change in hormone balances, carbohydrate reserves supply 
the necessary energy for primordia development and elongation (Schier 
and Zasada, 1973). The carbohydrate reserves in quaking aspen roots 
vary throughout the year due to seasonal changes in the distribution 
and utilization of the products of photosynthesis. During spring and 
early summer, root carbohydrate reserves are lowest because a high 
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proportion of photosynthate is being transported to sinks in rapidly 
developing shoots and leaves (Schier and Zasada, 1973; Tew, 1970). 
Carbohydrate content peaks around September and decreases during 
autumn. Levels in October, after leaf fall are similar to or possibly 
slightly higher than levels before bud break in May or June (Schier 
and Zasada, 1973). Thus, surrmer clearcutting of quaking aspen, when 
carbohydrate reserves are low, does not stimulate regeneration to the 
same extent as clearcutting when the trees are dormant (Zehngraff, 
1946). This information can be applied to the collection of quaking 
aspen root cuttings for the production of greenwood cuttings. The 
optimal time of collection based on carbohydrate reserves is in the 
fall, winter, or early spring prior to bud break. These are also the 
optimal times for collecting root cuttings with regard to the hormone 
balances. 
Sprouting Percentage 
Several investigators have reported on the percentage of a root 
cutting collection that sprouted under greenhouse conditions. All 
investigators have used freshly collected root cuttings and have exam-
ined clonal variation. Farmer (1962a) found the percentages of root 
cuttings forming sprouts were 100.0, 87.5, and 74.2, with a mean of 
87.0 percent, using 30, 7.6-cm long cuttings collected from each of 
3 Michigan quaking aspen clones in September. Schier (1974) reported 
the sprouting percentages for 9 Wyoming clones were as follows: 100, 
100, 100, 97, 90, 90, 83, 77, 77. The average was 90.4 percent. 
Thirty, August-collected, 10-cm long root cuttings, 1-2 cm in diameter 
(10 x 1-2 cm), were planted per clone. The average percentage of 
sprouted root cuttings from 20 quaking aspen clones in Utah was 88 
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(Schier and Campbell, 1976). The range was 63 to 100 percent. 
Thirty to 90, September-collected, 10 x 1-2 cm root cuttings were 
used per clone. The largest variation in clonal sprouting percentages 
was from six California clones (Strain, 1964). Sprouting percentages 
of fifty, 7.6-cm long root cuttings per clone were 82, 80, 68, 68, 30, 
and 24. The mean was 59 percent. 
Factors contributing to variation in sprouting percentage have 
been sought. Schier (1978a) found no evidence of a gradient in sprout-
ing capacity along the lengths of lateral roots, indicating that root 
age did not affect sprout i ng once secondary growth formed. Sprouting 
was also similar from fresh root cuttings of the same age (with 7 to 
15 growth rings) obtained from aspen 20 to 150 years of age (Maini, 
1968a). Thus, tree or clone age was not a source of variability. 
The size of sprouting roots, independent of age, has been 
examined. Quaking aspen suckers originate from parent roots 0.5 to 
5.1 cm in diameter, under field conditions (Maini, 1972). However, 
the large majority of suckers are from roots less than 2.5 cm in dia-
meter (Perala, 1978). Farmer (1962b) excavated suckers of three 
clones the first growing season after clearcutting and found parent 
roots were 1.8 cm or less in diameter. Sandberg and Schneider (1953) 
also reported that suckers occurred most frequently on roots 0.8 to 
1.8 cm in diameter. Excavation of quaking aspen root systems by 
Sandberg (1951) showed that suckering is observed most often from 
roots of small diameter because large diameter roots are less numer-
ous, not because large diameter roots sucker less. Most of the typi-
cal aspen root system falls within the range of 0.8 to 1.8 cm in 
diameter. This is because lateral roots originating at the root 
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collar of the parent tree taper abruptly in the first 60 to 120 cm 
from the stump to a diameter of 2.5 cm or less and then extend for 
considerable distances with only a very gradual reduction in diameter 
(Sandberg, 1951; Sandberg and Schneider, 1953). 
Many sizes of quaking aspen root cuttings have been used in 
experiments. Farmer (1962a, 1963a) used cuttings 7.6 x 0.5-1.8 cm as 
well as 10- to 15-cm long cuttings. Elaisson (1971a, 1971b) also used 
a variety of root cutting sizes, for example, 20 x 1-3 cm and 15 x 
0.7-1.7 cm. Schier (1972, 1973a, 1973b, 1973d, 1974) preferrEd 10 x 
1-2 cm root cuttings. Maini (1965) found the optimum length for cut-
tings to be 10 cm also. Starr (1971) ~onsidered root cuttings 30 to 
38 cm long the most convenient length for planting in a propagation 
bench, while 2.5-cm long cuttings were more desirable than 1.3 or 5.1 
cm-long cuttings for planting singly in 10-cm pots. In only one study, 
to my knowledge, has sprouting from quaking aspen root cuttings of 
various sizes been compared. Schier (1978a) reported root diameter 
was not related to sprouting from 10-cm cuttings, which ranged from 
0.8 to :2.4 cm in diameter, from a single clone. 
Authors reporting on the use of stored quaking aspen root cut-
tings provide information on the relative success of sprouting follow-
ing storage compared to planting fresh root cuttings. However, the 
large majority do not include specific data on sprouting percentages, 
and none includes data on days-to-sprout, height growth of sprouts, 
sprout number, or rooting. Sandberg (1951) reported the sprouting of 
95 percent of 120, winter collected, 25 x 0.8-1.8 cm quaking aspen 
root cuttings that had been stored in moist soil at approximately 4°C 
for 75 days. No reason for the failure of the remaining six cuttings 
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to sprout was given. Hicks (1972) reported that quaking aspen root 
cuttings 1.0 to 1.5 cm in diameter that had been washed and the ends 
sealed with grafting wax could be stored up to 3 months in moist 
sphagnum moss at 1.7°c and still produce sprouts. Root cuttings col-
lected in November, packed in sand in a polyethylene package and kept 
refrigerated at temperatures between -1 and 4°C were successfully 
sprouted from November through March, but storage in a deep freeze 
(temperature not given) killed the roots (Benson and Schwalbach, 1970). 
Schier (1978b) found that root cuttings of many quaking aspen clones 
could be stored for as long as 6 months at 1 to s0c without any loss 
in sprouting ability. For long-term storage he recommended root cut-
tings be treated with a fungicide, wrapped in moist paper toweling, 
and placed in plastic bags. 
Starr (1971) reported on the longest storage periods tested. 
Quaking aspen root cuttings from 16 Wyoming clones were stored 8 and 
15 months in a sand-vermiculite mixture at a temperature just above 
freezing. After 8 months, the production of shoots and roots was 
poor. Treatments with Rootone, nutrient solution, and a combination 
of the two just prior to planting had no positive effect. Cuttings 
stored 15 months and given a nutrient solution soaking treatment 
prior to planting produced no growth during a 3-month test period. 
No explanation was suggested for the decline in productivity following 
storage. 
Days-to-Sprout 
The number of days between the planting of quaking aspen root 
cuttings and the appearance of the first sprouts has been reported by 
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several authors. All have used root cuttings at least 8 cm long and 
all have used fresh root cuttings planted under greenhouse conditions, 
with the exception of Perala (1978). Schier (1972) found tha ·: the 
first sprouts appeared from root cuttings placed on the surface of the 
propagating medium on Day 16, and on Day 21 from similar cuttings 
planted 1.5 cm deep. Steneker and Prasad (1972) noted that a collec-
tion of cuttings from Manitoba began sprouting after about 10 days. 
Depth of planting was not given. Perala (1978), who used root cuttings 
stored 3 weeks at 4°c prior to outplanting at a depth of 2-3 cm on an 
agricultural site in Minnesota, reported the appearance of the first 
sprouts on Day 14. 
Temperature and hormone balances have been found to af fect the 
number of days between planting and the appearance of sprouts. Root 
() 0 cuttings from a single quaking aspen clone were grown at 14.4, 17.7 , 
0 0 0 23.3, 30.5 , and 35.0 C, at a depth of 1.5 cm. The cuttings had no 
visible preexisting shoot primordia. Sprouts first appeared as follows: 
on Day 8 at 30.5°C, Day 14 at both 35.o0 c and 23.3°c., Day 16 at 17.7°c, 
and Day 26 at 14.4°C (Maini and Horton, 1966). Application of GA3, 
inhibitory to shoot primordia initiation, to root cuttings without 
visible primordia delayed the date on which sprouts first appeared 
from Day 24 (control cuttings) to Day 36. Application of GA3 to cut-
tings with many large visible primordia did not decrease the 11umber 
of days prior to sprouting, however, even though GA3 has been found to 
promote shoot elongation from preexisting primordia (Schier, 1973a). 
Clonal variation in days-to-sprout also exists. The average 
number of days-to-sprout for root cuttings from 20 quaking aspen 
clones in Utah, planted 1.5 cm deep, was 19, ranging from 16 to 22 
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days (Schier and Campbell, 1976). The average number of days-to-
sprout was 26 for root cuttings from two Alaskan clones and 19 from a 
third. Clonal differences were thought to have been due to the level 
of primordia development, because the cuttings from the third clone 
had two to four times as many preexisting ·primordia present when col-
lected than the cuttings of the other two clones (Zasada and Schier, 
1973). Root cuttings from clones with small rates of d.b.h. (diameter 
at breast height) increase, which typically produced few sprouts, were 
found to require 1 to 2 weeks longer to sprout following planting than 
cuttings from clones with larger d.b.h. increments and greater sprout 
productivity. The difference in vigor between the two groups of 
clones was thought to be related to differing levels of reserve carbo-
hydrates (Tew, 1970). 
Height of the Tallest Sprout 
The major factor affecting the height of sprouts from root cut-
tings under propagating conditions is the carbohydrate reserves of 
the cuttings. Carbohydrates become of increased importance ~fter 
primordia are initiated, when relatively large amounts of metabolites 
are necessary for shoot growth and development (Schier and Johnston, 
1971). Root carbohydrate reserves are thought to be similar among the 
stems within a single clone due to environmental and genetic uniformity 
and numerous root connections between stems (Tew, 1970). However, sig-
nificant differences between clones were found to exist when concen-
trations of total nonstructural carbohydrates (carbohydrates available 
as energy to the plant) in the roots of 18 Utah quaking aspen clones 
were compared by Schier and Johnston (1971) during the dormant season. 
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The differences were thought to be due to site factors and age in 
addition to genetic variation. 
Clonal differences in sprout growth may be due to clonal varia-
tion in levels of carbohydrate reserves (Schier and Johnston, 1971). 
Propagation of root cuttings in the dark from several clones showed 
that the dry weight of sprouts produced per cutting was positively 
correlated with the total nonstructural carbohydrate levels of the 
clones (Schier and Zasada, 1973). However, no correlation has been 
found between root carbohydrate levels and the average annual height 
growth of a clone (Schier and Johnston, 1971) which would be useful 
in selecting root cuttings high in carbohydrates. 
Intraclonal variation in sprout height has also been observed. 
The range in height of the tallest sprouts from root cuttings collec-
ted from 27 different lateral roots in a single clone 6 weeks after 
planting was 1.2 to 5.1 cm. The average was 4.2 cm (Schier, 1978a). 
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Seasonal variation in root carbohydrate reserves (Schier and 
Zasada, 1973; Tew, 1970) affects the growth of sprouts from root cut-
tings collected at different times of the year. Sprout growth, mea-
sured in dry weight, was greatest from cuttings of three Alaskan 
quaking aspen clones when collected in late summer or fall as opposed 
to earlier in the growing season in response to increasing root car-
bohydrate levels (Zasada and Schier, 1973). Steneker and Prasad 
(1972) found that soluble sugar concentrations in quaking aspen root 
cuttings, collected from 13 clones before and just after leaf flushing 
and in summer, showed a significant decrease from early spring to 
summer. Sprout growth, measured as the total length of the three 
tallest sprouts per root cutting, showed a corresponding decrease. 
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However, greater variation existed between clones in sprout growth 
than in soluble sugar concentrations, indicating that other factors 
were involved. Fifty percent of the variation in sprout growth was 
estimated to be due to soluble sugar concentrations. 
The size of root cuttings in relation to the growth of sprouts 
produced has also been examined. Schier (1978a) reported that the 
height of sprouts from 10-cm long cuttings was not related to root 
diameter within the range of 0.8 to 2.4 cm. Sectioning of root cut-
tings may reduce sprout growth. A comparison was made of the heights 
of sprouts from 90-cm cuttings and groups of six, 15-cm cuttings, all 
of approximately 2.5 cm in diameter. Sprouts on the 90-cm cuttings 
were significantly taller than on the 15-cm cuttings, although heights 
were measured when the means were under 3.6 cm and significant dif-
ferences were less than 0.8 cm. The decline in height growth of 
quaking aspen root sprouts from the shorter root cuttings was thought 
to be related to the smaller root system from which sprouts were able 
to draw nutrients and moisture (Steneker and Walters, 1971). Perala 
(1978) found that sprout growth from field-planted quaking aspen root 
cuttings was much better from 1 m cuttings than from 12.5 cm cuttings, 
presumably because the longer cuttings had a greater store of avail-
able carbohydrates. Schier (1978a), however, reported that sectioning 
50-cm root cuttings into 10 or 25-cm lengths did not significantly 
affect the dry weight of sprouts produced by the sections. 
Maini (1972) noted a relationship between the height of sprouts 
and the number of sprouts per cutting. He found that root cuttings 
from clones that produced the most sprouts produced the most large 
sprouts. A similar phenomenon has been observed under field 
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conditions. When suckers originate in a clump, the height of the 
dominant shoot in the clump increases with the number of suckers in 
the clump (Maini, 1968a). 
Sprout Number 
Although carbohydrates are necessary for shoot primordia ini-
tiation, the number of sprouts initiated on quaking aspen root cuttings 
does not appear to be a function of carbohydrate status but rather one 
of hormone levels and ratios (Schier and Johnston, 1971). In studies 
designed to examine carbohydrate reserves in relation to the number of 
sprouts initiated, no correlation between the two has been shown, re-
gardless of differences in carbohydrate levels due to the collection 
time of the cuttings or to clonal variability (Schier and Zasada, 
1973; Steneker and Prasad, 1972; Tew, 1967, 1970). 
Several correlations exist between sprout numbers and the 
hormone balance of quaking aspen root cuttings. Sprout number is 
negatively related to the quantity of endogenous auxin in the root 
bark at the time of collection (Schier, 1973c). Root cuttings col-
lected in June, when endogenous auxin levels are high, were treated 
with an antiauxin, a-(p-chlorophenoxy) isobutryic acid (CPIBA) (Schier, 
1975 ). CPIBA reduced auxin inhibition in the root cuttings and in-
creased the number of sprouts produced from 7.6 per control cutting 
(10 x 1-2 cm) to as high as 12.4 per treated cutting, depending upon 
the concentration of CPIBA. However, the number of sprouts that re-
sulted from treating June-collected root cuttings with CPIBA was not 
significantly different from the number produced from untreated roots 
of the same clone collected in October when endogenous auxin levels 
are low. 
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Apical dominance was found to occur in quaking aspen root cut-
tings with multiple sprouts by Schier (1972). Removal of apices from 
root sprouts when they reached a height of 2.25 cm reduced the effects 
of apical dominance by decreasing auxin production in shoots and sub-
sequent translocation to the roots and increased the number of sprouts 
produced by 51 percent. The average number of sprouts from the control 
root cuttings was 9.0 per cutting; the average number of sprouts from 
cuttings with sprout apices removed was 13.6 per cutting. Schier 
(1973b) also observed 10-cm long root cuttings with over 200 emerging 
primordia prior to planting. Because of apical dominance, only about 
10 percent of the primordia developed into sprouts. 
Sprouts often occur in large numbers from the same root cutting. 
Auxin inactivation in the tissue from which shoot primordia originate, 
in the same manner auxin degradation occurs when root cuttings are 
taken (Eliasson, 1971b), has been proposed as a possible explanation 
for the apparent lack of apical dominance in some instances (Eliasson, 
1971c). Sufficient availability of cytokinins to maintain a favorable 
cytokinin to auxin ratio has also been suggested (Wickson and Thimann, 
1958). In numerous tests with cytokinins, Schier (1978b) found little 
or no incre~e in sprout production from quaking aspen root cuttings. 
He concluded that cytokinins occurring naturally in roots were at 
optimum levels and thus exogenous application had no effect. Barry 
(1969) achieved a significant increase in sprout numbers per cutting, 
however, by soaking root cuttings of a quaking aspen clone that showed 
little natural sprouting in kinetin solutions. This suggests that 
clones producing few sprouts may have cytokinin levels low enough to 
be inhibitory. 
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The effect of GA3 and ABA application on sprout numbers from 
quaking aspen root cuttings has also been examined. Treatment of 
cuttings producing sprouts from newly initiated primordia with GA3 
reduced the number of sprouts below the total produced by controls 
(5.4 sprouts per 10-cm cutting) from 65 to 95 percent, depending upon 
GA3 concentration. GA3 treatment of root cuttings with large visible 
primordia increased sprout numbers relative to controls by 30 to 110 
percent (Schier, 1973a). Application of ABA to quaking aspen root 
cuttings reduced the number of sprouts produced relative to controls 
by 28 to 98 percent depending upon concentration. Inhibition of 
shoot growth was greater from root cuttings with primordia in early 
rather than late stages of development (Schier, 1973d). 
Soil temperature is one of the most important environmental 
factors affecting the number of sprouts and suckers produced by quak-
ing aspen roots due to its effect on the hormone balance within the 
roots (Maini and Horton, 1966; Zasada and Schier, 1973). High soil 
temperatures lower the effective amount of auxin in the roots by in-
creasing the rate of auxin degradation. At the same time, cytokinin 
concentration is increased, because high temperatures increase the 
cytokinin production rate in the roots. The result is a high cytokinin 
to auxin ratio which promotes shoot development (Williams, 1972). Low 
soil temperatures can reduce sprout numbers by slowing the rate of 
metabolic processes, in addition to the negative effect on the cyto-
kinin to auxin balance (Zasada and Schier, 1973). Thus, in an exam-
ination of propagating temperatures Zasada and Schier (1973) found 
that a day/night temperature regime of 20°;10°c resulted in fewer 
sprouts produced from root cuttings than a 25°;15°c or a 30°;20°c 
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regime. Maini and Horton (1966) tested constant temperatures of 14.4°, 
0 0 0 0 17.7 , 23.3 , 30.5 , and 35 C. The average number of sprouts per cut-
ting (10 x 1.2-2.5 cm) at each of the temperatures was as follows: 
1.2, 5.5, 7.4, 6.7, and 3.4, respectively. At the intermediate tem-
peratures, sprout production was significantly greater than at either 
extreme. 
Large differences in sprout numbers have been observed on cut-
tings from the same clone. A range of 0.6 to 22.7 (mean 8.6) sprouts 
per cutting (10 x 1-2 cm) occurred on root cuttings taken from 27 
lateral roots within a single clone (Schier, 1978a). Steneker (1972) 
also found significant differences in numbers of sprouts produced by 
cuttings from different ramets within a clone and from the same ramet, 
but he also found significant differences on cuttings from the same 
lateral root. 
Intraclon al variation in sprout number is thought to be due to 
several factors. Observations by Sandberg (1951) indicate that cambial 
. 
activity is greater on certain local sections of roots. He noted that 
sprouts often originated from the point of intersection of lateral 
branch roots or from irregularities in the root structure in the form 
of excessive accumulations of tissue between the phloem and the phel-
logen. The presence or absence of these active zones may account for 
some of the variability between cuttings. 
Schier (1973c) noted a correlation between the number of shoot 
primordia on root cuttings at the time of collection and the number of 
sprouts produced. Variation in the numbers of preexisting primordia 
was thought to be responsible for clonal differences in sprout number 
(Zasada and Schier, 1973) as well as intraclonal differences among 
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lateral roots (Schier, 1978a). Two factors that may affect preexisting 
primordia number and the eventual sprout number, by affecting the phys-
iological condition of lateral roots, are microclimate and position in 
the clone. Temperature of the root environment, which varies with 
soil depth and exposure to radiation, may cause differences in hormone 
balances. The location of a lateral root in the clone, with respect 
to ramets of various ages and vigor, determines the quality of carbo-
hydrates and growth regulators translocated to the root. In addition, 
position will determine exposure to local injuries within a clone that 
may stimulate primordia formation (Schier, 1978a). 
The length and diameter of quaking aspen roots have also been 
examined for possible differences in the capacity to produce sprouts. 
The number of sprouts produced from 90-cm root cuttings was not sig-
nificantly different from the production from groups of six, 15-cm 
cuttings of the same diameter (Steneker and Walters, 1971). Schier 
(1978a) also found that sectioning 50-cm root cuttings into lengths 
of 10 or 25 cm did not affect the number of sprouts produced per unit 
length of root. In addition, the sprout numbers from 1 m and 12.5 cm 
quaking aspen root cuttings field planted by Perala (1978) were equal 
at the end of the first growing season. There is evidence, however, 
that if root cuttings become too short (e.g., less than 7.6 cm), sprout 
production per unit length of root declines (Maini, 1965). 
Benson and Schwalbach (1970) noted 15.2-cm-long root cuttings 
under 2.5 cm in diameter generally produced more sprouts per unit 
length of cutting than larger root cuttings. Perala (1978) also 
noticed that 12.5-cm long root cuttings less than 2.5 cm in diameter 
produced more sprouts than similar cuttings greater than 2.5 cm in 
diameter. The number of sprouts produced did not vary by root cutting 
24 
diameter up to and including 2.5 cm. In agreement with Perala (1978), 
Schier (1978a) found that sprout numbers from 10-cm long root cuttings 
were not related to root diameter within the range of 0.8 to 2.4 cm. 
However, Starr (lq71) reported that root cuttings of quaking aspen 
from 0.6 to 5.1 cm in diameter produced sprouts equally well. 
There are several reports of clonal variation in the number of 
sprouts produced from quaking aspen root cuttings. Average sprout 
numbers from 30 root cuttings (10 x 1-2 cm) from each of 9 Wyoming 
quaking aspen clones were as follows: 13.4e, 16.3c, 13.2e, 9.4g, 
15.ld, 10.5f, 18.5b, 24.0a, 6.lh. Clones with no common letter were 
significantly different at the 5 percent level. The average sprout 
number for the 9 clones was 14.1 (Schier, 1974). Sprout numbers per 
cutting (10 x 1-2 cm) ranged from 4.6 to 21.4 for 20 Utah clones. The 
mean was 10.0 sprouts per cutting (Schier and Campbell, 1976). Tew 
(1970) also found clonal differences in sprout number as high as 
three-fold from root cuttings collected from eight Utah clones. The 
number of sprouts per 7.6-cm cutting from three Michigan clones col-
lected by Farmer (1962a) averaged 10.5, 2.7, and 5.8 and Barry and 
Sachs (1968) reported a high variability in sprout initiation among 
California clones. Maini (1972) noted a clonal variation in sprout 
number and days-to-sprout. In general, root cuttings from clones 
with high sprout numbers sprouted earlier. 
Rooting 
New roots from quaking aspen root cuttings may originate from 
the parent root cutting or from the base of new sprouts (Maini, 1968b; 
Sandberg, 1951; Sandberg and Schneider, 1953; Schier and Campbell, 
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1976). New lateral roots from the parent cutting are re-activated 
suppressed apices with vascular traces extending to the primary xylem 
of the stele and thus are originally formed in the primary stage of 
parent root growth (Sandberg, 1951; Schier and Campbell, 1976). New 
roots originating .from the base of sprouts are true adventitious roots 
(Sandberg, 1951) as opposed to roots that originate from the embryo, 
either directly or as branches of the primary root (Esau, 1960). The 
adventitious root primordia of quaking aspen root sprouts are not 
differentiated during normal stem development (preformed) but are in-
duced during the propagation period (Haissig, 1974, Hartmann and 
Kester, 1975; Schier and Campbell, 1976; Smith and Wareing, 1972). 
Three conditions are known to enhance the re-activation of 
primary root apices and/or the induction of adventitious root primor-
dia: a high auxin to cytokinin ratio, high carbohydrate levels, and 
etiolation. Aspen tissue culture work has shown that a high auxin to 
cytokinin ratio is favorable for root development (Wolter, 1968). It 
is also known that the source of auxins in sprouted root cuttings is 
the growing shoots (Eliasson, 1971c). Maini (1968b) noted that the 
location of the origin of new roots from sprouted root cuttings was 
related to polar movement of these growth regulators. 
High carbohydrate levels can be achieved by reducing shoot 
growth which reduces competition for photosynthates between roots and 
shoots (Hartmann and Kester, 1975). In experiments with small European 
aspen plants, decreasing shoot growth by short-day treatment increased 
the fraction of available photosynthetic products used for root growth 
and increased root to shoot ratios (Eliasson, 1971d). Root growth is 
suppressed more than shoot growth under conditions of a shortage of 
photosynthetic products (Eliassen 1968). Thus, Eliasson (1971d) found 
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that if the leaf area of the European aspen plants was small, shoot 
growth had a great negative effect on root growth; if the leaf area 
was large and the light intensity high, there was no or only a small 
effect. These results are consistent with those reported by Sandberg 
(1951) and Sandberg and Schneider (1953), working with quaking aspen 
root cuttings. They noted that reduced light intensity inhibited new 
root development but with increasing light intensities the number and 
length of new roqts from the parent root cutting and from the base of 
new sprouts were stimulated. 
That portion of the root sprout which develops below the surface 
of the propagating medium becomes etiolated, as is evident by a whitish 
color. Etiolated tissues have higher endogenous auxin levels as well 
as more tissue in a less differentiated stage available for differen-
tiation to root primordia. Thus, etiolated tissue forms adventitious 
roots more readily than non-etiolated tissue (Hartmann and Kester, 
1975; Kawase, 1965). 
The diameter of root cuttings may affect the frequency of new 
root formation. Sandberg (1951) found some decline in the number of 
new roots from the parent cutting as the diameter of the root increased 
from 0.41 to 1.49 cm. It was also observed in field studies that lar-
ger roots were slower to develop lateral roots after suckering. 
Reports vary on the frequency of new root formation from quaking 
aspen root cuttings and root sprouts. Schier and Campbell (1976) 
found an average of only 2 percent of the root cuttings sampled from 
20 Utah quaking aspen clones formed new lateral roots from the cuttings. 
The range was Oto 10 percent per clone. The average number of new 
lateral roots on those rooted cuttings was 1.2; the range was 1.0 to 
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1.7 new roots per cutting. No adventitious roots originating from the 
base of the sprouts were observed in any of the 20 clones. Sandberg 
(1951) also found that the greatest stimulation of new root growth 
occurred from parent root cuttings and not from sprouts. The average 
number of new roots per 254 cm of cutting originating from the parent 
root was 131; originating from the sprouts was 13. Korth (1973), 
however, reported that approximately 50 percent of the sprouts from 
30 x 2.5 cm quaking aspen root cuttings developed root systems before 
they were excised for greenwood cuttings when 2.5 to 5.1 cm tall. He 
made no reference to roots originating from the cutting itself. The 
ability of root sprouts to form adventitious roots was shown by Tew 
(1970) to vary by clone. The number of sprouts that formed adventi-
tious roots varied from 10 to 100 percent from root cuttings collected 
just after leaf flush at eight Utah clones. 
A positive effect of new root formation from root cuttings was 
noted by Schier and Campbell (1976). Poplar(~ deltoides Bartr. and 
~ balsamifera L.) root cuttings with new lateral roots from the parent 
cuttings had significantly taller sprouts than those without lateral 
roots. 
CHAPTER III 
MATERIALS AND METHODS 
Field and Laboratory Procedures 
Five physically-distinct clones of quaking aspen (Populus 
tremuloides Michx.), that appeared healthy and were readily access-
i ble, were selected for study in Larimer County, Colorado (Table 1). 
A prominent tree in each stand was marked with orange flagging and a 
metal tag with the stand number inscribed on it. Roots were collected 
at the five sites on October 2, 1977 and May 30, 1978.3 
Roots were located by digging at the base of small natural 
root suckers or by digging between suckers that appeared connected, 
judging by their proximity. Roots were removed from the ground until 
they were so deep that digging became tedious or until they were too 
large or too small in diameter to be useful. Available and acceptable-
sized sections of root were then cut free with a pruning shears and 
the excavated areas were filled in with the soil removed. Roots 
deeper than 20 to 25 cm below the soil surface were not usually col-
lected, and only roots between 0.5 and 3.0 cm in diameter were kept. 
While in the field, the roots were placed in plastic bags, one clone 
per bag. 
3selection of clones and the October 2, 1977 root collection 
were carried out by Joseph F. Myers, currently Assistant Nurseryman, 
Coeur d'Alene Nursery, U.S. Forest Service. 
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Table 1. Elevation and location of the five root collection clones. 
Location 
Clone Elevation U.S.G.S. North West 
Number (meters) Quadrangle Latitude Longitude Road Mileage 
1 2170 Big 40°41 1 105°30 I East si de of Mile 1 0.9 
Narrows Pingree Park Road 
2 2242 Big 40°411 105°30 I ';Jest side of Mile 2.6 
Narrows Pingree Park Road 
3 2394 Rustic 40°391 105°32 I East side of Mile 5.3 
Pingree Park Road 
7 2642 Pingree 40°34 1 105°34 I Both sides of Mile 13.9 
Park Pingree Park Road 
N 
40°35 1 105°311 
\.0 
9 2776 Pingree Both si des of 0.1 mile East 
Park Buckhorn Road of Pennock Pass 
1Mileage is posted along Pingree Park Road at 1.0 mile intervals beginning at its intersection with 
Colorado Highway 14. 
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Upon returning to the laboratory, the roots were moistened with 
water and refrigerated in the plastic bags overnight until prepared 
for planting the following days, October 3, 1977 and May 31, 1978. 
On these dates, the roots were washed free of soil with tap water, and 
all lateral roots were removed. Lateral roots were generally 2 mm or 
smaller in diameter and ranged in number from Oto 20 per 30-cm sec-
tion of root. Sections of root that sustained bark damage during 
collection, or those that were not healthy for other reasons such as 
heart rot or necrotic cankers, were discarded. Only healthy, undam-
aged roots were kept. The October 1977 roots were cut to approximately 
20 cm and the May 1978 roots to approximately 10 cm; all ends had 
fresh cuts. After cutting, both ends of each root were dipped in 
grafting wax, which had been heated to a semi-liquid state in a double 
boiler. Approximately 1 cm of each end of the roots was thus sealed. 
Following the washing and waxing, the October 1977 root cuttings 
were placed in air-tight plastic bags, separately by clone, and stored 
at Oto 4°c. On May 31, 1978, the day the May 1978 root cuttings 
were being prepared, the October 1977 root cuttings were removed from 
storage (8 months), cut into 10-cm lengths, and the freshly cut ends 
were dipped in wax. Following the completion of these planting prep-
arations, both the stored and the fresh groups of root cuttings were 
returned to the refrigerator overnight. They were placed on trays be-
tween moist paper towelling during this period of refrigeration to 




On June 1, 1978 the root cuttings were planted in the propaga-
tion bench at the Colorado State University forestry greenhouse. The 
inside dimensions of the bench are 6 m by 1.1 m. Approximately one-
half of the length of the bench was used for this experiment. Within 
the propagation bench, the organization from the bottom of the bench 
upward was as follows: 
a. window screen 
b. 4 cm of sharp sand 
c. heating cables imbedded in a screening to keep the cables 
spaced about 8 cm apart 
d. 0.5 to 1 cm of sharp sand 
e. a coarse screen with 6-mm mesh 
f. an 8-cm layer of sharp sand in which the root cuttings 
were planted. 
The temperature of the top 8-cm layer of sand was maintained 
at 25°c by the heating cables. Pipes and deflection nozzles of an 
intermittent mist system were above the bench. The mist system was 
controlled by two clocks, a 10-minute clock with 5-second settings and 
a 24-hour clock with 15-minute settings. Mist was applied for 5 sec-
onds every 10 minutes, 24 hours a day; this was sufficient to prevent 
the surface of the sand from drying. To restrict air circulation and 
loss of humidity, a 1-m barrier of plastic film was constructed in an 
'L' along two sides of the bench leaving access and air movement from 
one of the short sides only, because the remaining side of the bench 
bordered the center wall of the greenhouse. Air temperature in the 
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greenhouse was maintained at 21 .16°C by a fan and pad cooling system 
and by steam heating. No artificial lighting was used. 
Experimental Design 
Twenty 10-cm root cuttings from each of the five clones were 
planted from both stored (collected October 1977) and fresh (collected 
May 1978) material, for a total of 200 root cuttings. On half of the 
root cuttings, randomly selected within each of the 10 clone x storage 
combinations as controls, all sprouts that developed were allowed to 
grow. On the other half of the root cuttings, designated pruned, all 
but the tallest sprout were removed on July 14, 1978 (Day 43), approxi-
mately six weeks after planting. These sprouts were re111oved with a 
scalpel below the sand ~urface as close to the root cuttings as pos-
sible with minimal disturbance. New sprouts that formed on the pruned 
root cuttings after July 14, 1978 were removed in the same manner each 
day that data were collected. Thus, for each of the 5 clones, there 
were 10 replicates of each of the 4 storage x pruning combinations. 
The root cuttings were planted in a completely randomized de-
sign having 10 rows and 20 columns (Figure 9, Appendix). The root 
cuttings were pl anted horizontally in the top 8-cm layer of the bed 
so that each cutting was covered with approximately 2 111111 of sand. 
Each cutting was oriented with its long axis east-west and occupied 
approximately 175 sq. cn1. Spacinq between rows and columns was approx-
imately 10 cm and 6 cm, respectively. The location of each root cut-
ting was identified with a plastic pot label on which clone number, 
storage treatment, and pruning treat111ent were recorded. 
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Data Collection 
Sprouting development was observed at three- to four-day inter-
vals from June 1, 1978 to July 17, l978, every eight to nine days 
from July 17, 1978 to August 3, 197B, on August 28, 1978, and finally 
October 6th through 9th, 1978. Data were recorded separately for each 
root cutting (Figure 10, Appendix). On each observation day, identif-
iable new sprouts were individually marked with toothpicks, and the 
total number on each root cutting was recorded. The heiuhts of the 
five tallest sprouts per cutting were measured to the nearest milli-
meter from the sand surface to the apical 111eristems of the sprouts. 
On root cuttings with fewer than five sprouts, all were measured. 
After July 14, 1978, only the single ) remaining sprouts on the pruned 
root cuttings were measured, wherea~ n1easurement of up to five sprouts 
was continued on the control cuttinqs. 
At the conclusion of the sturly, 130 days after planting, the 
number and length of any new roots that had forn1ed from the cutting, 
or from the sprouts, were measured i1nd recorded, as were root cutting 
lengths and diameters. Root cuttin(I volume was calculated to the 
nearest mm3 from length and diameter measurements using the formula 
for the volume of a cylinder: 3.14 (diameter/2) 2 x length u This 





One hundred and four (52 percent) of the 200 root cuttings 
produced one or more visible sprouts. Sprouting was significantly 
affected by the interaction of clone and storage treatment (Chi Square 
test, P < .0001). Among the fresh root cuttings (Figure la), 4 clones 
(2, 3, 7, 9) were grouped with sprouting from 80 to 90 percent of the 
20 fresh cuttings studied per clone. Clone 1 had the lowest sprout-
ing at 60 percent. Among the stored root cuttings (Figure lb), 4 
clones (1, 3, 7, 9) were grouped with sprouting from Oto 20 percent 
of the 20 stored cuttings per clone, while Clone 2 had the highest 
sprouting at 80 percent. In Clone 2, only 5 percent more fresh root 
cuttings sprouted than stored root cuttings, whereas in the other four 
clones, an average of 68.8 percent more fresh than stored cuttings 
sprouted. 
The main effects of clone and storage treatment were also sig-
nificant (Chi Square test, P ~ .0001). When storage treatments were 
combined, Clone 2 had a much higher sprouting percentage (82.5 per-
cent) than the other four clones in which sprouting ranged from 32.5 
to 55.0 percent (Figure c). When clones were combined, 80 of the 100 
fresh root cuttings sprouted and only 24 of the 100 stored root cut-
tings sprouted (Figure ld). 
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Figure 1. Variation in the sprouting of quaking aspen root cuttings, 
according to clone and storage treatment. Basis Figure la: 20 root 
cuttings per clone, collected May 30, 1978 and planted June 1, 1978. 
Basis Figure lb: 20 root cutting per clone, collected October 2, 
1977, stored 8 months at Oto 4°C, and planted June 1, 1978. Dashed 
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Sprouting was also significantly affected by root cutting vol-
ume (T-test, P = .022). The average diameter of all 200 root cuttings 
was 12.2 mm (range 4.7 mm to 30.0 mm). Root cutting lengths averaged 
108 mm with little variation. The average root cutting volume was 
14.4 cc (range 1.7 cc to 70.1 cc). Sprouted root cuttings, however, 
were approximately 30 percent larger than non-sprouted cuttings: the 
average volume of the 104 sprouted root cuttings was 16.2 cc, and the 
average volume of the 96 non-sprouted cuttings was 12.5 cc. 
The 200 root cuttings were unevenly distributed throughout the 
range of root cutting volumes (Figure 2). This was the result of 
random collecting between the diameter guidelines of 5.0 mm and 30.0 mm. 
Although over 50 percent of the 200 root cuttings were in the second 
and third volume classes, 5.0-9.9 cc and 10.0-14.9 cc, respectively 
(Figure 2), the greater sprouting percentages occurred in the larger 
classes (Figure 3). A gradual increase in sprouting from 40.7 percent 
of the root cuttings in the smallest two volume classes, 0-4.9 cc and 
5.0-9.9 cc, to 80 percent of the root cuttings in the largest volume 
class, 45.0-74.9 cc was evident. 
Two-way analysis of variance of root cutting volume by clone 
and storage treatment (Table 10, Appendix) indicated that significant 
differences (P = .018) existed between the mean root cutting volumes 
of the 10 clone x storage treatment combinations (Table 2). A Least 
Significant Difference (LSD) test (P = .05) divided the 10 mean vol-
umes into 3 overlapping groups of 6 means each, within which the means 
did not differ significantly (Table 3). Among the fresh root cuttings, 
Clone 1 had a significantly small mean root cutting volume (Table 3), 
and the lowest sprouting percentage (Figure la) of the five clones 

Figure 2. Distribution of quaking aspen root cuttings by root cutting volume. 
Basis: 200 cuttings. 
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Fresh3 Total zr 
Clone Mean Std. 2 Mean Std. Mean Std. Number Volume Dev. Vol u111e Dev. Volume Dev. 
-----------------Cubic Centimeter s ------------------------
1 12. 1 8.6 9.8 5.8 10. 9 7.3 
2 14.4 14.0 19.5 14.5 17.0 14.3 
3 16.8 15.4 13.0 6.6 14.9 11. 9 
7 8.5 5.6 19.8 9.0 14.2 9.3 
9 12.4 10. 3 17.8 14. 7 15.1 12.8 
All 
clo nes 12.9 11. 5 16.0 11. 3 14.4 11.5 
1Basis: 20 root c8ttin gs per clone, collected October 2, 1977, 
stored 8 months at Oto 4 C, and planted June 1, 1978. 
2standard deviation. 
3sasis: 20 root cuttin gs per clone , collected May 30, 1978 
and planted June 1, 1978. 
48 . as1s: 40 root cuttings per clone. 
NOTE: Mean volume differences greater than 6.9 cc are s ignificant 
(P = .05). 
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1Basis: 20 root cuttings. 
Mean Volume1 and 












2Least Significant Difference test (P = .05). 
3Three groups of six means each are denoted by vertical bars. 
Any two volumes not connected by the same bar differ significantly. 
A mean root cutting volume difference greater than 6.9 cc is signifi-
cant. 
4Root cuttings collected May 30, 1978 and planted June 1, 1978. 
to 40c,
5
:~~\~~~i!~g~u~~ltci~~ 8~ctober 2, 1977, stored 8 months at o 
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studied. The mean volumes of the fresh root cuttings from the remain-
ing four clones (2, 3, 7, 9) did not differ significantly (Table 3) 
nor did their sprouting percentages vary greatly (Figure la). The 
only significant difference in the clonal mean volumes among stored 
root cuttings was between Clones 7 and 3 (Table 3). However, the 
sprouting in these two clones did not differ greatly 1 (Figure lb). 
Sprouting of stored cuttings differed between Clone 2 and the remain-
ing four clones (1, 3, 7, 9), but the mean volume of the stored root 
cuttings from Clone 2 was not significantly large (Table 3). Clone 7 
was the only clone in which a significant difference existed between 
the mean volumes of the fresh and stored root cuttings. The fresh 
root cuttings had a significantly larger mean volume (Table 3) and a 
larger sprouting percentage (Figures la and lb) than the stored root 
cuttings. In the remaining four clones (1, 2, 3, 9), however, sprout-
ing was greater among fresh root cuttings even though no significant 
volume differences existed between fresh and stored root cuttings. 
The clonal mean root cutting volumes, storage treatments com-
bined (Table 2), did not differ significantly, although cuttings from 
Clone 1 averaged 23 to 36 percent smaller than the cuttings from the 
remaining four clones (2, 3, 7, 9). Low root cutting volume may have 
contributed to the low sprouting of Clone 1, however
1 
root cuttinq 
volume was not a factor in the high sprouting of Clone 2 (Figure le). 
Mean volumes of the fresh and stored root cuttings, clones combined 
(Table 2), did not differ significantly, and thus the large difference 
in sprouting between fresh and stored cuttings (Figure ld) was not 
affected by root cutting volume. 
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A discriminant analysis was performed using only root cutting 
size to predict sprouting of the cuttings. One hundred thirty-three 
(66.5 percent) of the 200 root cuttings were correctly grouped into the 
sprouting or non-sprouting category by this analysis. Seventy of the 
104 sprouted cuttings and 63 of the 96 non-sprouted cuttings were 
grouped correctly. This is only 16.5 percent better than that which 
the 50 percent chance would dictate, however. A total of 168 (84 per-
cent) of the 200 root cuttings were correctly grouped by a discriminant 
analysis using clone, storage treatment, and root cutting volume to 
predict sprouting. Ninety-six of the 104 sprouted root cuttings and 
72 of the 96 non-sprouted root cuttings were grouped correctly. The 
significance of this predicting function was less than .001, indicat-
ing that a large majority of the variability in sprouting was accounted 
for with the three variables. 
Seventy-five percent of the 100 fresh root cuttings were cor-
rectly grouped into the sprouting or non-sprouting category in a dis-
criminant analysis using clone and root cutting volume as the 
predicting variables. Sixty-seven of the 80 sprouted root cuttings 
and 8 of the 20 non-sprouted root cuttings were grouped correctly. 
The significance of this predicting function was .198, indicating that 
clone and root cutting volume did not account for the major portion of 
the variation in the sprouting of fresh root cuttings. 
Days-to-Sprout 
The average number of days required for the 104 sprouted root 
cuttings to produce one or more visible sprouts was 25 (Table 4). 
Two-way analysis of variance of days-to-sprout by clone and storage 
Table 4. Time required for quaking aspen root cuttings to produce one or more visible sprouts. 
Storage Treatment 
Stored 1 Fresh5 Total 
Clone Mean2 Std. 3 Basis 4 
Mean Std. Mean Std. 
Number Time Dev. Time Dev. Basis Time Dev. Basis 
Days Days Number Days ~ Number Days_ Days Number 
1 25 o.o 1 28 5.6 12 27 5.4 13 
2 26 17 .o 16 26 7.5 17 26 12.8 33 
3 0 0.0 0 25 8.0 16 25 8.0 16 
7 20 4.0 3 24 5.7 17 23 5.5 20 
.j::> 
9 33 17.3 4 22 5.0 18 24 9.1 22 O"> 
All 
Clones 27 15.6 24 25 6.6 80 25 9.4 104 
1Root cuttings collected October 2, 1977, stored 8 months at Oto 4°C, and planted June 1, 1978. 
2Means have been rounded to the nearest whole day. 
3standard deviation. · 
4sprouted root cuttings. 
5Root cuttings collected May 30, 1978 and planted June 1, 1978. 
47 
treatment, with root cutting volume as a covariate, indicated that the 
length of time required for a particular root cutting to sprout was 
not affected by clone or storage treatment, separately or together as 
an interaction, and that no linear relationship existed between the 
volume and the sprouting time of the root cutting (Table 11, Appendix). 
A Pearson correlation coefficient of -.0765 also indicated that root 
volume was not significantly related to sprouting time. 
The first root cuttings sprouted on Day 11, i.e., the 11th day 
after planting (Day 0) (Table 5). Ninety-eight percent of the 104 
sprouted root cuttings sprouted by Day 39. No fresh root cuttings 
sprouted after Day 39, and the last stored root cutting to sprout dur-
ing the 130-day test period sprouted on Day 88 (Figure 4). Although 
stored root cuttings required more than twice as much time as fresh 
root cuttings to complete initiation of sprouting, only two stored 
cuttings sprouted after Day 39. Thus, once sprouting began, the 
majority of the root cuttings sprouted within a fairly short time. 
The rate of sprouting was greatest during a 2-week period from Day 14 
to Day 28. An average of 5.5 roots sprouted daily during that period. 
Height of the Tallest Sprout 
The average height of the tallest sprout from the 104 sprouted 
root cuttings was 63 mm. Three-way analysis of variance of the height 
of the tallest sprout by clone, storage treatment, and pruning treat-
ment, with root cutting volume as a covariate, indicated that none of 
the three factors, singly or in any combination, affected sprout 
height in a consistent manner, although root cutting volume was a sig-
nificant covariate (P = .001) (Table 12, Appendix). A complete summary 
48 




1 2 3 7 9 Total 
0 0 0 0 0 0 0 
8 0 0 0 0 0 0 
11 0 1 2 0 0 3 
14 0 2 3 0 1 6 
18 2 7 4 7 11 31 
21 2 15 5 11 13 46 
25 5 23 8 14 17 67 
28 9 27 12 17 18 83 
32 11 29 15 19 20 94 
35 13 30 15 20 20 98 
39 13 32 16 20 21 102 
46 13 32 16 20 21 102 
54 13 32 16 20 22 103 
63 13 32 16 20 22 103 
88 13 33 16 20 22 104 
127-130 13 33 16 20 22 104 
1on Day O, June 1, 1978, the root cuttings were planted. The 
study was concluded Day 127 - Day 130, October 6-9, 1978. 

Figure 4. Cumulative number of sprouted quaking aspen root cuttings by storage treatment. 
Root cuttings were planted Day 0, June 1, 1978. 
1Root cuttings collected May 30, 1978 and planted June 1, 1978. 
2Root cuttings collected October 2, 1977, stored 8 months at Oto 4°C, and planted 
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of the data (Table 6) revealed that large differences in height means 
existed, however, large standard deviations precluded the finding of 
significant differences. 
A Pearson Correlation test indicated that three factors were 
significantly related to the height of the tallest sprout (P < .01); 
root cutting volume (r = .3266), days-to-sprout (r = -.3097), and 
sprout number (r = .3857). Although none of these factors was strongly 
related to sprout height, three trends were suggested: a) as root cut-
ting volume increased, spr out height inc reased; b) the earlier the 
root cuttings sprouted, the taller the spr outs were; and c) a large 
number of sprouts per cutting was associated with taller individual 
sprouts. 
Figure 5 presents the mean height of the tallest sprout by root 
cutting volume class. Mean heights ranged from 31 mm in the smallest 
volume class, 0-4.9 cc, to 86 mm in the largest volume class, 45.0-74.9 
cc. This exemplifies trend a); as root cutting volume increased, 
sprout height increased. 
To examine the growth curves of the tallest sprouts, one group 
of 10 root cuttings was randomly selected from cuttings that sprouted 
on Day 18, and a second group of 10 cuttings was randomly selected 
from cuttings that sprouted on Day 32 (Table 7). Within each group, 
the heights of the tallest sprouts on each observation day were aver-
aged to produce a single mean rate of growth per group (Figure 6). 
The mean root cutting volumes of the two groups were nearly equal 
(Table 7) as expected, since volume was not related to days-to-sprout. 
The average final height of the tallest sprouts from the group of 
cuttings sprouting on Day 18 was 72 mm, 20 mm greater than for the 
Table 6, Mean height of the tallest sprout from 104 sprouted quaking aspen root cuttings. 
Stora e Treatment 
Stored 1 Fresh5 Total 
Clone Mean Std. 3 Basis 4 
Mean Std. Mean Std. 
Number Height2 Dev. Height Dev. Basis Height Dev. Basis 
Millimeters Millimeters Number Millimeters Millimeters Number Milli meters Millimeters Number 
Control Root Cuttings 6 
1 0 0.0 0 47 24.2 6 47 24.2 6 
2 53 29.8 8 56 23.2 8 54 25.9 16 
3 0 o.o 0 72 34.6 8 72 34.6 8 
7 0 o.o 0 86 12.5 7 86 12.5 7 
9 43 46.0 2 58 16.6 10 55 21. 2 12 
Sub-total 51 30.7 10 64 25.7 39 61 27.0 49 
Pruned Root Cutting/ 
1 82 o.o 1 49 28.6 6 53 29.1 7 
2 65 28.9 8 66 23.8 9 66 25.5 17 
3 0 o.o 0 65 59.3 8 65 59.3 8 
7 45 4.0 3 79 36.1 10 71 34.8 13 
9 22 8.5 2 67 31.8 8 58 33.9 10 
Sub-total 56 27.7 14 67 37.3 41 64 35.2 55 
Total 54 30.0 24 65 31.6 80 63 31.2 104 
1Root cuttings collected October 2, 1977, stored 8 months at 
Oto 4°c, and planted June 1, 1978. 
5Root cuttings collected May 30, 1978 and planted June 1, 1978. 
6control: all sprouts on each root cutting were allowed to grow. 
7Pruned: all but the tallest sprout on each root cutting were 
2Mean height of the tallest sprout. 
3standard deviation. 
4sprouted root cuttings. 




Figure 5. Mean height of the tallest sprout fron1 quaking aspen root 
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Table 7. Cumulative heights of the tallest sprouts from quaking aspen root cuttings that sprouted on Day 18 and Day 32. 
Root Cutting Data 
I dent if- Volume Sprout3 Observation Dai icationl (cc) 2 Number 18 21 25 28 32 39 46 54 63 88 130 
Mi 11 imeters 
Root Cuttings Serouting on Dai 18 
3-9 34.0 l9 13 22 37 60 70 104 110 110 110 110 110 9-3 3.4 1 4 6 8 10 11 15 21 21 21 21 21 10-1 22.7 25 5 10 25 40 60 79 88 87 88 88 88 12-8 11.6 15 9 15 27 32 45 55 65 67 67 67 67 13-3 14.4 11 13 17 23 27 33 45 60 6, 62 62 62 14-5 69.0 23 6 17 24 35 46 56 64 66 72 72 72 15-7 3.1 1 3 9 14 17 26 35 42 47 47 47 47 17-9 14.0 14 8 12 23 36 51 68 83 85 85 85 85 19-1 14.6 1 17 35 51 57 64 70 74 74 76 76 76 20-4 12.2 1 5 22 53 62 Zi 80 87 87 ~ ~ 89 Mean 19.9 12 .1 8 17 29 38 48 57 69 71 72 72 72 
u, ------------------------------------ u, 
Root Cuttings Serouting on O&._R 
2-2 10.6 1 5 7 15 20 29 32 32 3-3 20.1 8 4 13 21 24 25 25 25 11-8 30.7 1 4 28 40 45 45 45 45 11-9 35.6 4 3 10 15 35 44 44 44 12-1 3.7 1 5 15 26 34 34 34 34 13-9 18.2 4 10 33 69 87 87 87 87 15-3 9.8 9 3 17 40 56 64 68 68 15-6 13.2 5 3 15 45 70 70 72 72 17-3 25.0 1 4 19 37 46 46 46 46 1907 28.8 10 Ji 38 §]_ 71 ll 71 71 
Mean 19.6 4.4 6 20 38 49 52 52 52 
1Location in the propagation bench: Column - Row. 
2volume of the root cutting, cubic centimeters. 
3At the conclusion of the study, Day 130. 
4Root cuttings with only 1 sprout w~re pruned. All others were controls. 
NOTE: Root cuttings were planted Day 0, June 1, 1978. 

Figure ·6o Mean growth rates for the tallest sprouts from each of ten quaking aspen root 
cuttings sprouting on Day 18 and on Day 32. Root cuttings were planted Day 0, 
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group of cuttings sprouting on Day 32. This exemplifies trend b); the 
earlier the root cuttings spr outed , the taller the sprouts became. 
The avera ge sprout number on the root cuttings sproutin g on Day 18, at 
the conclu sion of the study (Day 130), was 12.1, almost three times 
greater than the 4.4 average sprout number on the root cuttings sprout-
ing Day 32 (Table 7). (These avera ges were comparable because both 
groups had an equal number of pruned and control root cuttings.) This 
exemplifies trend c); a large number of sprouts per cutting was asso-
ciated with taller individual sprouts. 
Examination of the growth curves in relation to the time of 
pruning on Day 43, illustrates in agreement with the analysis of var-
iance, that pruning had no apparent effect on height growth of the 
tallest sprouts (Figure 6). This was true for root cuttings sprouting 
on Day 18, where pruning occurred near the peak of the growth curve, 
as well as for the root cuttings sprouting on Day 32, where prunin g 
occurred near the mid-point of the growth curve. 
Sprout Number 
Data from the 49 sprout ed control root cuttings were used to 
analyze the number of sprouts per cutti ng at the conclusion of the 
130-day test period. The mean sprout number per 10-cm root cutting 
was 8.3 (Table 8). Two-way analysis of variance of sprout number by 
clone and storage treatment, with root cutting volume and days-to-
sprout as significant covariates (P ::_ .002), indicated that clone and 
storage treatment significantly (P _: .005) affected sprout number with-
out interaction (Table 13, Appendix)o The average number of sprouts 
per root cutting on the stored sprouted control cuttings was 2.4, 
Table 8. Mean sprout number and mean volume oft e sprouted control 1 quaking aspen root cuttings. 
Storage Treatment 
Storeci2 Fresh6 Total 
Clone Mean Mean 4 B . 5 
Mean Mean Mean Mean 
Number Sprouts 3 Volume as,s Sprouts Volume Basis Sprouts Volume Basis 
Cubic Cubic Cubic 
Number Centimeters Number Number Centimeters Number Number Centimeters Number 
1 a.a a.a 0 4.8 6.9 6 4.8 6.9 6 
2 1.6 17.7 8 6.8 15.5 8 4,2 16.6 16 
3 a.a 0.0 0 4.5 11. 7 8 4.5 11. 7 8 
7 a.a 0.0 0 17.1 24.6 7 17.1 24. 6 7 
9 5.5 33.3 2 14.2 25.0 10 12.8 26. 4 12 
All 
Clones 2.4 20.8 10 9.8 17.5 39 8.3 18.2 49 
1control: all sprouts on each root cutting vJere a 11 m,1ed to grow. 
2Root cuttings collected October 2' 1977, stored 8 months at Oto 4°c, and planted June 1, 1978. 
3Mean number of sprouts per root cutting at the conclusion of the study, Day 130. 
4Mean root cutting volume. 
5sprouted control root cuttings. 




while the average number of sprouts on the fresh sprouted control 
cuttings was 9.8 (Table 8). When fresh and stored root cuttings were 
combined, Clones 1, 2, and 3, with mean sprout numbers between 4.2 and 
4.8, differed significantly (LSD test, P = .05) from Clones 7 and 9, 
with mean sprout numbers of 17.1 and 12.8, respectively (Table 8). 
A positive linear relationship existed between root cutting 
volume and sprout number (Pearson Correlation test, r = .4220, P = 
.001). Mean sprout numbers ranged from 3.1 in the smallest volume 
class, 0-6.9 cc, to 13.3 in the largest volume class,> 28.0 cc 
(Figure 7). Two-way analysis of variance of root cutting volume by 
clone and storage treatment of the 49 sprouted control root cuttings 
(Table 14, Appendix) indicated that the mean volumes of the stored 
and fresh control cuttings were not significantly different (Table 8). 
Thus, the significant difference in mean sprout number between the 
stored and fresh control cuttings was not affected by root cutting 
volume. The analysis of variance also indicated that significant 
(P = .011) differences exist between the clonal mean root cutting vol-
umes, fresh and stored cuttings combined (Table 8). Cuttings from 
Clones 7 and 9 were significantly larger (LSD test, P = .05) than 
cuttings from Clones 1 and 3. Clone 2 was intermediate between these 
two groups. Consistent with Figure 7, sprouted control root cuttings 
from Clones 7 and 9 had mean volumes greater than 21.0 cc and mean 
sprout numbers above average (8.3) and sprouted control root cuttings 
from Clones 1, 2, and 3 had mean volumes less than 21.0 cc and mean 
sprout numbers below average (Table 8). Thus, the significant dif-
ferences between the clonal mean sprout numbers paralleled significant 
clonal volume differences. 

Figure 7. Mean sprout number of sprouted, control quaking aspen root 
cuttings by root cutting volume. Basis: 49 cuttings. Number of 
sprouts measured at the conclusion of the 130-day test period. Control: 
all sprouts on each root cutting were allowed to grow. 
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A negative linear relationship was found to exist between 
days-to-sprout and sprout number (Pearson Correlation test, r = 
-.3307, P = .01). Control root cuttings that sprouted on or before 
Day 21 had above average (8.3) mean sprout numbers and control root 
cuttings that sprouted on Day 25 or later had below average mean 
sprout numbers {Figure 8). It can not be concluded, however, that 
fresh root cuttings, or root cuttings with volumes greater than 21.0 
cc, or root cuttings from Clones 7 and 9, sprouted on Day 21 or ear-
lier because days-to-sprout was unaffected by storage treatment, root 
cutting volume, and clone. 
Multiple Classification Analysis of sprout number as the depen-
dent variable and storage treatment, root cutting volume, clone, and 
days-to-sprout as independent variables gave a multiple correlation 
coefficient (r) of .8270. Thus, 68.3 percent (r 2 = .683) of the -
variability in sprout number was accounted for knowing the values of 
the four independent variables. 
Rooting 
Thirty-seven root cuttings, representing 18.5 percent of 
the total 200 root cuttings, formed new roots from the cutting or 
from sprouts while in the propagation bench. Most (81 percent) 
formed adventitious roots from sprouts only. Six of the 37 cuttings 
(16 percent) formed new lateral roots from the root cutting only, and 
one cutting (3 percent) formed new roots from the cutting and from a 
sprout. New roots did not form on any of the non-sprouted cuttings. 
Thus, of the 104 sprouted cuttings, 35.6 percent rooted. In addition 
to sprouting, the formation of new roots was related to root cutting 
volume, storage treatment, pruning treatment, and sprout number. 

Figure 8. Mean sprout number of sprouted, control quaking aspen rJot 
cuttings by days-to-sprout. Basis: 49 cuttings. Number of sprouts 
measured at the conclusion of the 130-day test period. Control : 311 
sprouts on each root cutting were allowed to grow. Days-to-spro ut : 
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The average volume of the 37 root cuttings that formed new roots, 
22.7 cc, was signif i cantly larger than the average volume of the 67 
remaining sprouted root cuttings, 12.6 cc (T-test, P < .001). These 
volumes are in comparison to the average volume of all 200 c~ttings, 
14.4 cc, the average volume of the 104 sprouted cuttings, 16.2 cc, 
and the average volume of the 96 non-sprouted cuttings, 12.5 cc. 
Fresh, sprouted cuttings rooted approximately twice as often 
as stored, sprouted cuttings. Thirty-two (40.0 percent) of the 80 
sprouted fresh root cuttings and 5 (20.8 percent) of the 24 sprouted 
stored root cuttings formed new roots (Table 9). 
A significantly larger number of control cuttings rooted than 
pruned cuttings (Chi Square test, p = .0376). Twenty-three (46.9 
percent) of the 49 sprouted control root cuttings and 14 (25.5 
percent) of the 55 sprouted pruned root cuttings formed new roots 
(Table 9). 
The average sprout number of the 23 sprouted control cuttings 
that rooted was 10.3. The average sprout number of the 26 sprouted 
control cuttings that did not form new roots was 6.4. These averages 
are in comparison to the 8.3 average sprout number of all sprouted 
control root cuttings. 
Clonal distribution of rooted root cuttings ranged from a low 
of 23.1 percent of the sprouted cuttings in Clone 1 to between 30.3 
and 43.8 percent of the sprouted cuttings in Clones 2, 3, 7, and 9 
(Table 9). 
The height of the tallest sprout was not significantly 
affected by the formation of adventitious roots (T-test, P = .573). 
The average height of the tallest sprout for the rooted group was 
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Table 9. Rooted quaking aspen root cuttings by clone, storage 





















Stored3 Fresh4 Pruned5 Control6 
--------------Number ------------------
0 3 1 2 
3 7 4 6 
0 7 3 4 
1 7 4 4 
1 8 2 7 
5 32 14 23 
1Root cuttings that formed new roots from sprouts, from the 
cutting, or both. 
2Percent of the sprouted root cuttings. Only sprouted root 
cuttings rooted. 
0 
to 40~~o~~dc~{~~~~~ ~~~!e~~ef9~~:ober 2, 1977, stored 8 months at 
4Root cuttings collected May 30, 1978 and planted June 1, 1978. 
5Root cuttings from which all but the one tallest sprout were 
removed Day 43, and thereafter. 
6Root cuttings from which all sprouts were allowed to grow. 
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66 mm; for the non-rooted group, 61 mm; and for all 104 sprouted 
cuttings, 63 mm. 
Days-to-sprout was also unrelated to rooting (T-test, P = .149). 
The average number of days required for the rooted group to sprout was 
27; for the non-rooted group, 24 days; and for all 104 sprouted cut-
tings, 25 days. 
A total of 44 sprouts rooted from the 30 root cuttings with 
adventitious roots originating from sprouts. The maximum number of 
rooted sprouts per cuttings was four. Fifty-five new roots were 
formed, an average of 1.25 new roots per sprout. The maximum number 
of new roots from a single sprout was six. The average length of the 
55 new roots was 113 mm; the range was 4 mm to over 800 mm. The 
average height of the 44 rooted sprouts was 39 mm and on 11 of the 20 
control root cuttings in this group, the tallest sprouts were not 
rooted. At the time of final data collection, 10 of the 44 rooted 
sprouts were disconnected from the root cuttings and surviving inde-
pendently. The average height of these sprouts was 28 mm. 
In the group of six root cuttings with new lateral roots orig-
inating from the cuttings, the maximum number of roots from a cutting 
was three. A single root cutting had one new root from the cutting 
itself and one new root from one of two sprouts. In this instance, the 
new root from the sprout was much longer than the new root from the 
cutting. 
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Summary of the Results 
Sprouting 
a. One hundred and four of the 200 root cuttings sprouted. 
b. Eighty percent of the fresh root cuttings sprouted and 24 
percent of the stored root cuttins sprouted. 
c. Clone x storage treatment interactions existed: fresh 
root cuttings from Clone 1 had a low sprouting percentage 
(60), possibly affected by low root cutting volume; stored 
root cuttings from Clone 2 had a very high sprouting per-
centage (80). 
d. As root cutting volume increased, sprouting increased, 
within the 1.7 cc to 70.1 cc range studied. 
Days-to-Sprout 
a. The average number of days required for the 104 sprouted 
root cuttings to produce one or more visible sprouts was 25. 
b. Clone, storage treatment, and root cutting volume did not 
significantly affect days-to-sprout. 
c. The first root cuttings sprouted on Day 11; 98 percent of 
the 104 sprouted root cuttings sprouted by Day 39. 
Height of the Tallest Sprout 
a. The average height of the tallest sprout from the 104 
sprouted root cuttings was 63 mm. 
b. Clone, storage treatment, and pruning treatment did not 
significantly affect the height of the tallest sprout. 
c. As root cutting volume increased, sprout height increased. 
d. The earlier the root cuttings sprouted, the taller the 
sprouts were. 
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e. A large number of sprouts per cutting was associated with 
taller individual sprouts. 
Sprout Number 
a. The average number of sprouts per root cutting from the 
sprouted control cuttings was 8.3. 
b. Fresh sprouted control root cuttings had a higher average 
sprout number (9.8) than the stored sprouted control root 
cuttings (2.4). 
c. Sprouted control root cuttings from Clones 7 and 9 had 
higher average sprout numbers (17.1 and 12.8, respectively) 
than sprouted control root cuttings from Clones 1, 2, and 
3 (4.2 to 4.8), possibly affected by root cutting volume 
differences between the clones. 
d. As root cutting volume increased, sprout number increased. 
e. The earlier the root cuttings sprouted, the higher the 
average sprout numbers were. 
Rooting 
a. Thirty-seven root cuttings formed new roots from the cutting 
or from sprouts; most new roots formed from sprouts. 
b. New roots did not form on any of the non-sprouted cuttings. 
c. The average volume of the root cuttings that formed new 
roots (22.7 cc) was larger than the average volume of the 
remaining sprouted root cuttings (12.6 cc). 
d. Fresh sprouted cuttings rooted approximately twice as often 
(40.0 percent) as stored sprouted cuttings (20.8 percent). 
e. More control cuttings rooted (46.9 percent) than pruned 
cuttings (25.5 percent). 
71 
f. The average height of the tallest sprout was not affected 
by the formation of new roots; on 11 of the 20 control cut-
tings with rooted sprouts, the tallest sprouts were not 
rooted. 
g. At the time of final data collection. 10 of the 44 rooted 
sprouts were disconnected from the root cuttings and sur-
viving independently. 
CHAPTER V 
DISCUSSION AND CONCLUSION 
Sprouting 
The average sprouting percentage of 80 (Figure ld) obtained 
for fresh quaking aspen root cuttings in this study is consistent with 
the results of most other investigators, indicating that this level of 
success is reasonable to expect from a typical root cutting collection 
taken during the fall, winter, or early spring. Farmer (1962a), 
Schier (1974), and Schier and Campbell (1976) reported average sprout-
ing percentages of 87.0, 90.4, and 88.0, respectively, for fall col-
lected root cuttings. A range of 60 to 90 percent sprouting (Figure 
la) among the fresh root cuttings from the five clones sampled in this 
study is within reported ranges, although 100 percent sprouting of 
root cutting collections from some clones is not uncommon (Farmer, 
1962a; Schier, 1974; Schier and Campbell, 1976). 
The average sprouting percentage for the stored root cuttings 
was 24 (Figure ld). Starr (1971) stored quaking aspen root cuttings 
for 8 months under conditions similar to those used in this study, 
and also reported sprouting to be poor following the storage treat-
ment. No sprouting percentage was given. There have been no previous 
reports of clonal variation in sprouting percentage among stored 
quaking aspen root cuttings. The striking variability in sprouting 
percentage from the stored root cuttings of the five clones sampled 
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in this study, from 0 percent in Clone 3 to 80 percent in Clone 2 
(Figure lb), strongly suggests that root cutting collections from 
certain clones have the capacity to be stored 8 months with no more 
than a 5 percent decline in sprouting percentage. The longest period 
of storage, without loss in sprouting ability, reported to date is 6 
months (Schier, 1978b). 
Sprouting was significantly affected by root cutting volume in 
the present study (Figure 3). Sprouting increased from 40.7 percent 
of the root cuttings less than or equal to 9.9 cc to 80.0 percent of 
the cuttings from 45.0 to 74.9 cc. This is in disagreement with a 
report by Schier (1978a) who stated that root cutting diameter was 
not related to sprouting from 10-cm long cuttings that ranged from 
0.8 to 2.4 cm in diameter, which is equivalent to a range in volume 
of 5.0 to 45.2 cc. In this study, based on 200, 10-cm root cuttings, 
the sprouting percentage nearly doubled within that range. 
A discriminant analysis using only root cutting size to predict 
sprouting of the 200 root cuttings indicated that volume alone did not 
account for a major portion of the variability in sprouting percentage. 
The reasons for such a significant increase in sprouting percentage 
with an increase in root cutting volume, as determined by the diameter 
of the cutting within the 1.7 to 70.1 cc range tested, remain unknown. 
The success of larger diameter cuttings does not appear to be asso-
ciated with root cutting age, however (Schier, 1978a). 
A modification of the diameter guidelines for root cutting 
collection used in this study is recommended. The minimum volume of 
a 10-cm long root cutting should be increased to 10.0-14.9 cc, because 
only 40.7 percent (Figure 3) of the 86 root cuttings with volumes less 
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than 10.0 cc (Figure 2) sprouted. This represents a minimum diameter 
of approximately 1 cm rather than the 0.5 cm minimum used. Based on 
the results of this study, it is further recommended that, if possible, 
root cuttings be two to three times the 1 cm diameter for maximum 
sprouting. 
A discriminant analysis using clone and root cutting volume to 
predict sprouting of the fresh root cuttings indicated that the two 
factors combined did not account for a major portion of the variabil-
ity. The addition of clone to the analysis probably did not contrib-
ute a great deal because the only significant clonal variation among 
the fresh root cuttings (the low sprouting percentage (60) of Clone 1) 
can be attributed to low root cutting volume (Table 3). In future 
studies, root cutting volume should be standardized for a more precise 
examination of clonal variation. A larger sample of cuttings could be 
used from each clone also. Twenty fresh root cuttings were used per 
clone in this study, whereas Farmer (1962a) and Schier (1974) each 
used 30 cuttings per clone, Schier and Campbell (1976) used 30 to 90 
cuttings per clone, and Strain (1964) used 50 cuttings per clone. 
Two factors that may have contributed to the failure of 20 
fresh root cuttings to sprout, in addition to root cutting volume and 
clonal effects, are an unfavorable cytokinin to auxin ratio and patho-
gen attack. In root cuttings with 30 percent of the bark injured, 
Eliasson (1971b) found that auxin levels did not decrease within 24 
hours as in undamaged root cuttings, and sprouting did not occur. 
Apparently auxin synthesis in the damaged tissue maintained auxin at 
inhibitory levels in the undamaged parts of the bark. Perhaps un-
noticed injuries on some of the root cuttings kept the cytokinin to 
auxin ratio low. 
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An additional measure against pathogen attack could have been 
taken. Washing the root cuttings and waxing the cut ends help pre-
vent disease (Benson and Schwalbach, 1970), but dipping of cuttings 
in a fungicide solution prior to planting is also recommended. That 
was not done in this study. 
The three factors combined, root cutting volume, clone, and 
storage treatment, did account for a large majority of the variability 
in sprouting of the 200 fresh and stored root cuttings, according to 
a discriminant analysis which grouped 84 percent of the cuttings cor-
rectly. The reasons that storage treatment led to a decline in the 
sprouting percentage of quaking aspen root cuttings from four of the 
five clones remain undetermined. The differences in sprouting per-
centage between the fresh and stored root cuttings cannot be attribu-
ted to differences in the collection time of the cuttings or in root 
cutting volume. The May 30, 1978 (fresh) and the October 2, 1977 
(stored) collection dates are at equally optimum times of the year 
with regard to known hormone balances (Eliassen, 1971b; Schier, 1973c, 
1975) and carbohydrate levels (Schier and Zasada, 1973; Tew, 1970), 
and thus the sprouting ability of the two groups of root cuttings 
should have been similar at the time of collection. A Least Signifi-
cant Difference test (Table 3) indicated that the volumes of the fresh 
and stored root cuttings did not differ significantly except within 
Clone 7. 
Desiccation of the cuttings during the 8 month storage period 
was minimized due to storage in sealed plastic bags. The storage 
temperature used (0 to 4°C) was as low as possible; temperatures below 
freezing have been found to kill root cuttings (Benson and Schwalbach, 
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1970). The use of low sto rage temperatures should have slowed meta-
bolic processes and minimized the use of stored reserves. Perhaps a 
collection of large diameter root cuttings, with large carbohydrate 
reserves, would have had a greater capacity for extended maintenance 
under storage conditions than small diameter root cuttings. 
It is also possib l e that acropetal movement of residual auxins 
and basipetal movement of cytokinins within the original 20-cm stored 
root cuttings resulted in unfavorable cytokinin to auxin ratios in 
the distal halves of the cuttings before they were cut to 10 cm follow-
ing storage (Maini, 1968b; Schier, 1978a). Root cuttings should be 
cut to length as soon as possible to prevent redistribution of hor-
mones (Perala, 1978). 
Thorough preventat i ve measures against pathogens are recommended 
to increase the sprouting percentage of stored root cuttings. Cut-
tings should be treated with a fungicide prior to storage (Schier, 
1978b) and perhaps be packed in sphagnum moss (Hicks, 1972) because 
of its fugistatic properties as well as its moisture holding capacity 
(Hartmann and Kester, 1975). 
The sprouting of 80 percent of the stored root cuttings from 
Clone 2 remains unexplained (Figure lb). It is apparent that further 
investigation of clonal differences in the capacity of quaking aspen 
root cuttings to withstand storage is needed. The ability to store 
root cuttings for extended periods of time greatly increases the 
flexibility of a greenwood cutting production schedule and methods of 
selecting clones with impressive root storage capabilities, such as 
Clone 2, should be found. 
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Days-to-Sprout 
The appearance of the first sprouts 11 days after planting 
(Figure 4) the 200 quaking aspen root cuttings used in this study is 
earlier than typically observed. Most researchers report 14 to 26 
days-to-sprout (Perala, 1978; Schier, 1972, 1973a; Schier and Camp-
bell, 1976; Zasada and Schier, 1973). Eight and 10 days for sprouting 
to occur have been reported by Maini and Horton (1966) and Steneker 
and Prasad (1972), respectively. An average number of days between 
planting and sprouting for a root cutting collection was not mentioned 
in the above reports. 
A major factor affecting days-to-sprout is the planting depth 
of root cuttings. Schier (1972) found that root cuttings placed on the 
surface of the propagating medium sprouted on Day 16, and similar cut-
tings planted 1.5 cm deep, sprouted on Day 21. All of the authors who 
included information on planting depth used 1.5 cm or deeper. The 2 
mm planting depth used in this study then, contributed to the early 
appearance of the first sprouts. 
Another factor which may have favorably influenced days-to-
sprout was the use of bottom heat. Maini and Horton (1966) observed 
sprouting earliest at 30.5°C, on Day 8. Their sprouting first occurred 
on Day 14 at 23.3°c, and occurred progressively later at lower 
temperatures. The appearance of the first sprouts on Day 11 at 25°C 
in this study is in close agreement with their results. 
Root cutting volume, storage treatment, and clone were not 
found to have significant effects on days-to-sprout (Table 11, Appen-
dix). Though no other studies dealing with root cutting volume and 
storage effects on days-to-sprout are known, these two factors are 
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apparently more important in determining if, rather than when, 
sprouting occurs. 
Clonal variation in days-to-sprout has been reported. The 
range in days-to-sprout was 16 to 22 for 20 Utah quaking aspen clones 
(Schier and Campbell, 1976) and 19 to 26 for 3 Alaskan clones (Zasada 
and Schier, 1973). In this study the range in days-to-sprout for the 
five clones sampled was from Day 11 to Day 18 (Table 5). Although 
this 7 day range was not statistically significant it is comparable 
to the differences reported above, after adjusting for planting depth. 
The clonal variation noted by Zasada and Schier (1973) was due to 
differences in the level of primordia development. Root cuttings from 
the clone sprouting on Day 19 had three to four times as many pre-
existing primordia at the time of collection than the cuttings from 
the other two clones. It is suspected that the level of primordia 
development is also a major factor contributing to differences in 
days-to-sprout among individual cuttings. No data were recorded on 
primordia development prior to planting the 200 root cuttings used in 
this study. 
The results of this study suggest that the following practices 
be implemented in future production of quaking aspen greenwood cut-
tings from root sprouts to minimize days-to-sprout. Root cuttings 
forming sprouts from preexisting primordia should be propagated rather 
than cuttings forming sprouts from newly initiated primordia; the 
latter require additional time to produce sprouts. A shallow plant-
ing depth should be used, provided adequate moisture is maintained at 
the surface of the medium, such as with an intermittent mist system. 
Increasing the temperature of the medium from the 18 to 20°c typical 
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without bottom heat, to the 30°C optimum may reduce days-to-sprout by 
half, e.g., to 8 days instead of 16 (Maini and Horton, 1966). In 
addition, since 98 percent of the root cuttings sprouted by Day 39 in 
the present study, culling of non-sprouted cuttings during the sixth 
week can be done if propagating space is limiting and replacement 
cuttings are available. 
Height of the Tallest Sprout 
Height is considered an acceptable measure of growth (though 
not as accurate as dry weight) because quaking aspen root sprouts do 
not initially form lateral branches (Farmer, 1963b) as a result of 
apical dominance (Eliassen, 1971a). The mean height of the tallest 
sprout from the 104 sprouted root cuttings was 63 mm (Table 6). This 
represents an approximate growth rate of 2 mm per day, assuming the 
average sprout appeared on Day 25, the mean number of days-to-sprout, 
and that height growth stopped on approximately Day 60, as indicated 
by Figure 6. 
Clonal differences in the heights of the tallest sprouts were 
not statistically significant (Table 12, Appendix). Although standard 
deviations were large, the clonal range in mean height of the tallest 
sprout from fresh root cuttings was from 48 mm in Clone 1 to 82 mm in 
Clone 7, a substantial difference. Root carbohydrate reserves, the 
major factor affecting sprout growth, can differ by clone during the 
dormant season (Schier and Johnston, 1971), and clonal variation in 
sprout height growth has been positively correlated to those differ-
ences (Schier and Zasada, 1973). It is possible that the cuttings of 
the five clones sampled in this study did vary in the amount of 
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carbohydrate reserves available to sprouts, especially if reserve 
levels are related to root cutting volume. This is suggested by the 
fact that the fresh root cuttings from Clone 1 were the smallest of 
the five clones (Table 2) and produced the smallest sprouts (Table 6). 
The large standard deviations from the clonal mean heights of 
the tallest sprouts, due to large intraclonal variation, were not sur-
prising because similarly large differences within a clone were re-
ported by Schier (1978a). The reason for this intraclonal variation 
was not determined by Schier. Perhaps root carbohydrate reserves are 
not as constant within a clone as suspected by Tew (1970). 
Storage treatment di fferences in the heights of the tallest 
sprouts were also not statistically significant (Table 12, Appendix). 
The tallest sprouts from the stored root cuttings averaged 54 mm and 
from the fresh root cuttings, 65 mm, a 20 percent increase (Table 6). 
Because of the importance of root carbohydrate reserve levels on 
height growth, a decrease in the height of sprouts from the stored 
root cuttings might be an indication that carbohydrate reserves were 
lost during storage since the reserves of the fresh and stored groups 
of cuttings were likely to have been similar at the time of collection 
(Schier and Zasada, 1973; Tew, 1970). 
The group of 24 sprouted stored root cuttings, from which the 
mean height of the tallest sprout of 54 mm was calculated, was com-
prised mainly of the 16 root cuttings from Clone 2. Clone 2 cuttings 
do not seem to have been significantly affected by the storage treat-
ment judging by the sprouting percentage of 80 (Figure lb) as well as 
by sprout height growth (Table 6). The mean height of the tallest 
sprout from the 17 fresh root cuttings of Clone 2 was 61 mm, very 
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similar to the 59 mm mean from the 16 stored root cuttings of Clone 2. 
However, the mean height of the tallest sprout from the eight remain-
ing stored root cuttings from Clones 1, 7, and 9 was 43 mm. Just how 
meaningful the differences between 43 mm, 59-61 mm, and 65 mm are is 
subjective. A comparison of these means does suggest, however, that 
if an effect of storage on quaking aspen root cuttings is the partial 
depletion of carbohydrate reserves, then the amount or the severity of 
that depletion may vary by clone. 
The pruning treatment, which consisted of removal of all but 
the tallest sprout on Day 43 and the removal of all newly initiated 
sprouts thereafter, had no effect on the height growth of the remain-
ing sprouts when compared with the growth of the tallest sprouts on 
control cuttings, from which all sprouts were allowed to develop. This 
was true among stored as well as fresh root cuttings (Table 6). It 
was anticipated that the pruning treatment might result in taller 
sprouts by concentrating the carbohydrate reserves of a root cutting 
into a single shoot. 
Problems in the execution and testing of the treatment that 
prevented an accurate measure of its effect were detected. The prun-
ing treatment could have been administered a fixed number of days 
(e.g., 4 days) following the sprouting of each individual cutting to 
be pruned so that sprouts selected to remain would have been in the 
same stage of growth at the time of pruning. By pruning on Day 43, 
regardless of sprouting date, each cutting was not treated uniformly. 
Thus, the average height of the tallest sprouts from cuttings sprout-
ing on Day 18 was approximately 61 mm at the time of pruning while the 
average height of the tallest sprouts from cuttings sprouting on Day 
32 was approximately 25 mm when pruned (Figure 6). 
In addition, sprouts did not have an ample period of time to 
express fully differences or similarities following pruning. In this 
study, sprouts grew only 7 to 10 days before the growth curve began to 
level off (Figure 6) due to the onset of dormancy which resulted from 
the shortened natural day length. Long-day treatment could possibly 
have delayed this reaction. 
Information on root carbohydrate reserves is needed in conjunc-
tion with additional testing of pruning treatments. The importance of 
competition among sprouts for carbohydrate reserves is unknown. The 
distance within a root cutting that a sprout can draw upon reserves 
needs to be determined so that the optimum number of sprouts per cut-
ting, based on growth rate, can also be established. If a developing 
sprout can effectively utilize only the stored carbohydrates in the 
immediate vicinity, then the density of sprouts can become proportion-
ately large before competition becomes a factor affecting sprout growth 
(Schier and Zasada, 1973). If indeed an optimum sprout number for a 
particular size root cutting can be determined, the advantages and 
disadvantages of few, large sprouts versus many, small sprouts must 
be weighed from a greenwood cutting production perspective. 
Root cutting volume, days-to-sprout, and sprout number were 
significantly related to the height of the sprouts. Sprout height 
increased with an increase in root cutting volume, as determined by 
an increase in root diameter at a constant length (Figure 5). Based 
on the importance of root carbohydrate reserves on sprout growth, 
sprouts were probably taller on large root cuttings because of large 
amounts of available carbohydrates (Steneker and Walters, 1971; Perala, 
1978). The results of the present study, however, are in disagreement 
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with the findings by Schier (1978a) that the height of sprouts from 
10-cm cuttings was not related to root diameter within the range of 
0.8 to 2.4 cm (5.0 to 45.2 cc). Schier (1978a) also reported that 
root cutting size, as determined by various lengths at a constant 
diameter, had no affect on sprout height while others reported that 
long cuttings did produce greater sprout growth than short cuttings 
of equal diameter (Steneker and Walters, 1971; Perala. 1978). Based 
on the results of this study (Figure 5), the recommendation for in-
creasing the minimum root cutting diameter to 1 cm, resulting in an 
increase in the minimum volume of a 10-cm cutting to 10.0-14.9 cc can 
again be suggested to maximize height growth. 
The earlier the root cuttings sprouted the taller the sprouts 
were. This relationship between height growth and days-to-sprout re-
sulted because height growth stopped on approximately Day 60 (Figure 
6), regardless of time of sprouting, as dormancy occurred. Thus 
earlier appearing sprouts had a longer period of time in which to grow 
than those developing later. 
The association of taller sprouts with a larger number of 
sprouts per cutting is also thought to be related to time of sprouting. 
Earlier sprouting cuttings had additional time to produce taller as 
well as more sprouts before becoming dormant. Maini (1968a, 1972) 
noted a similar relationship between sprout height and sprout number 
on root cuttings and under field conditions but it is not known if 
days-to-sprout was the determining factor. 
Several suggestions and improvements can be recommended for 
future study of the height growth of quaking aspen root sprouts. In-
formation is needed on the relationship between root cutting size 
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(diameter, length, and volume) and the amount of reserve carbohydrates 
available for sprout growth. Until the necessity of standardizing 
this factor can be ascertained, confounding clonal and storage treat-
ment effects with root cutting size should be avoided. 
In view of the large intraclonal variability in height growth, 
root cutting sample sizes should be substantially increased so that 
clonal means can be determined with greater preci sion and confidence. 
The small sample sizes of sprouted stored root cuttings from four of 
the five clones were especially limiting in this study. 
The importance of seasonal differences in carbohydrate levels 
(Schier and Zasada, 1973; Steneker and Prasad, 1972; Tew, 1970) must 
continue to be considered when collecting cuttings to be stored various 
lengths of time. If all collections are to be propagated at the same 
time, confounding storage effects with variation in carbohydrate 
levels can then be avoided. 
A shallow planting depth, as used in the present study, will 
conserve the carbohydrate reserves of the cuttings and help maximize 
growth since sprouts remain completely dependent upon root reserves 
until they emerge at the surface of the medium and can carry on photo-
synthesis (Schier and Zasada, 1973). 
Long-day treatment, to prevent cessation of height growth 
and the onset of dormancy, can be accomplished with 16-hour days main-
tained with incandescent bulbs (Farmer, 1963b). 
Sprout Number 
The 9.8 average number of sprouts per 10-cm cutting from the 
39 fresh sprouted control root cuttings (Table 8) is within the range 
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of sprout numbers per 10-cm cuttings reported from other studies: 
9.0 (Schier, 1972), 5.4 (Schier, 1973a), 14.1 (Schier, 1974), 7.6 
Schier, 1975 ), 10.0 (Schier and Campbell, 1976). 
Stored control root cuttings produced significantly fewer 
sprouts per cutting, 2.4, than fresh control cuttings (Table 13, 
Appendix). Stored control cuttings from only two of the five clones 
sprouted, but both clones responded similarly to the storage treatment 
and no clone x storage interaction existed. The difference in sprout 
number between the fresh and stored root cuttings is particularly well 
illustrated by Clone 2 where the eight stored cuttings had an average 
sprout number of 1.6 and the eight fresh cuttings had an average 
sprout number of 6.8 (Table 8). The fresh and stored root cuttings 
from Clone 2 had similar sprouting percentages and similar mean 
heights of the tallest sprouts and were suspected of being only mini-
mally affected by the storage treatment. 
The cause of the lower sprout numbers among the stored root 
cuttings is unknown. The fresh and stored groups of cuttings were 
collected at times when hormone levels and ratios (Eliasson, 1971b; 
Schier, 1973c, 1975 ) and root carbohydrate reserve levels (Schier and 
Zasada, 1973; Tew, 1970) should have been very similar. Additionally, 
root cutting volume was not significantly different between the sprout-
ed fresh and stored control root cuttings (Table 14, Appendix). If 
carbohydrate reserves were partially depleted during storage, it is 
not anticipated that that would have had a major effect on sprout num-
bers either, because differences in carbohydrate reserve levels have 
not been correlated to differences in sprout number (Schier and Zasada, 
1973; Steneker and Prasad, 1972; Tew, 1967, 1970). 
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It is possible that the numbers and levels of development of 
shoot primordia varied between the fresh and stored cuttings used in 
this study. Such differences have been found to significantly affect 
sprout numbers from fresh root cuttings collected from different 
clones (Zasada and Schier, 1973) and from different lateral roots 
within a clone (Schier, 1978a). However, given the major importance 
of hormone levels and ratios in determining the number of sprouts 
initiated from quaking aspen root cuttings (Barry, 1969; Eliasson, 
1971c; Maini and Horton, 1966; Schier, 1972, 1973a, 1973b, 1973c, 
1973d, 1975 ; Schier and Johnston, 1971; Wickson and Thimann, 1958; 
Williams, 1972; Zasada and Schier, 1973), it is suspected that the 
hormone balances were unfavorably altered during the storage period. 
Significant clonal differences also existed in mean sprout 
number from the sprouted control root cuttings (Table 13, Appendix). 
When fresh and stored cuttings were combined, Clones 1, 2, and 3, with 
mean sprout numbers between 4.2 and 4.8, differed significantly from 
Clones 7 and 9, with mean sprout numbers of 17.1 and 12.8, respectively 
(Table 8). Other studies of variation in sprout number report clonal 
ranges per 10-cm cutting of 6.1 to 24.0 sprouts (Schier, 1974) and 4.6 
to 21.4 sprouts (Schier and Campbell, 1976). Thus four-fold differ-
ences in sprout number between clones, as were found in this study, 
are not uncommon. 
Clonal variation in sprout number in this study closely paral-
leled clonal variation in root cutting volume, which was found to 
significantly affect sprout number. Mean sprout numbers ranged from 
3.1 in the smallest volume class, 0-6.9 cc, to 13.3 in the largest 
volume class> 28.0 cc, among the sprouted control root cuttings 
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(Figure 7). A comparison of the clonal root cutting volumes and 
sprout numbers with Figure 7 indicates considerable correlation. 
Clones 7 and 9 have root cutting volumes in the larger two volume 
classes and sprout numbers well above average (8.3) and Clones 1, 2, 
and 3 have root cutting volumes in the smaller classes and correspond-
ing sprout numbers well below average. 
Other investigators of root cutting size and its affect on 
sprout number agree that root cutting length does not affect sprout 
number {Perala, 1978; Schier, 1978a; Steneker and Walters, 1971) un-
less root cuttings become too short (Maini, 1965). None of the 
studies of root cutting diameter indicate an increase in sprout number 
with an increase in diameter. No effect of diameter was reported by 
Starr (1971), and Benson and Schwalbach (1970), Perala (1978), and 
Schier (1978a) reported no difference in sprout numbers from cuttings 
under 2.5 cm in diameter {approximately 50.0 cc per 10-cm cutting) and 
a decline in sprout number from larger diameter cuttings. How~ver, in 
this study, root cutting volume increased in importance from sprouting 
percentage, which doubled from lowest to highest root cutting volume 
class (Figure 3), to height growth, which nearly tripled from lowest 
to highest volume (Figure 5), to sprout number, which increased four-
fold from lowest to highest volume (Figure 7). 
It has been previously suggested that the advantage of large 
diameter cuttings may be the large reserve of carbohydrates available 
for sprout development. But the strong affect of volume on sprout 
number, which is not as affected by carbohydrate reserves as height 
growth, for example, seems to indicate that there are other favorable 
qualities associated with a large root cutting volume that enhance 
sprout initiation. Perhaps the larger surface area of larger diameter 
root cuttings offers a greater amount of tissue capable of initiating 
shoot primordia. 
Days-to-sprout also had a significant affect on sprout number 
(Figure 8). Control cuttings sprouting on Day 18 or earlier had a 
mean sprout number of 13.5. Sprout number gradually declined as days-
to-sprout increased, until control cuttings sprouting on Day 35 or 
later averaged only five sprouts per cutting. As discussed in ref-
erence to height growth, due to the onset of dormancy by approximately 
Day 60, cuttings sprouting earlier had additional time to develop more 
sprouts than later sprouting cuttings. Maini (1972) noted a similar 
relationship in early and late sprouting clones. 
Recommendations for the production of greenwood cuttings from 
quaking aspen root sprouts to promote high sprout numbers include the 
use of larger diameter cuttings and bottom heat (Maini and Horton, 
1966; Zasada and Schier, 1973) as previously suggested. In addition, 
to take advantage of the large intraclonal variability in sprout prod-
uction and to avoid problems as a result of the same (Sandberg, 1951; 
Schier, 1978a; Steneker, 1972), root cuttings should be collected 
throughout the area occupied by a clone. 
Rooting 
Thirty-seven of the 104 sprouted cuttings formed new roots. 
Thirty of those formed adventitious roots from sprouts while six 
formed lateral roots from the cuttings and one formed new roots from 
the cutting and a sprout. Korth (1973) reported that 50 percent of 
quaking aspen root sprouts formed adventitious roots and Tew (1970) 
reported 10 to 100 percent rooting, depending upon the clone. This 
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represents, in general, much greater rooting than occurred in this 
study, where 45 of approximately 462 ([55 pruned cuttings x 1] + 
[49 control cuttings x 8.3]) sprouts rooted. This suggests that con-
ditions were not optimal for adventitious root initiation. However, 
in contrast to these results reporting new roots originating predom-
inantly from sprouts, Schier and Campbell (1976) and Sandberg (1951) 
found the greatest stimulation of new root growth occurred from the 
parent root cuttings. 
The auxin to cytokinin ratio was apparently most often favor-
able (Wolter, 1968) at the etiolated base of sprouts (Hartmann and 
Kester, 1975; Kawase, 1965) in this study because the location of the 
origin of new roots from sprouted root cuttings is related to polar 
movement of auxins and cytokinins (Maini, 1968b). Suppressed primary 
root apices may not have been common in the cuttings used in this 
study also, although Schier and Campbell (1976) reported that new 
lateral roots occurred on only 2 percent of the cuttings collected, 
similar to the 3 percent (6/200) in this study. This suggests that 
perhaps such apices are typically rare or that conditions for their 
reactivation are not usually met. 
The average volume of the root cuttings that formed new roots 
was significantly larger than the average volume of the remaining 
sprouted root cuttings. This relationship was predictable because 
sprout number increased with root cutting volume (Figure 7) and new 
roots originated many times more often from sprouts than from the cut-
ting itself. If large diameter root cuttings contain large carbohyd-
rate reserves, this may also have contributed to the greater frequency 
of rooting among larger cuttings due to the importance of carbohydrate 
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reserves in stimulating root initiation and growth (Eliasson, 1968; 
1971d; Hartmann and Kester, 1975; Sandberg, 1951; Sandberg and 
Schneider, 1953). 
These two factors, greater sprout numbers and the possibility 
of greater carbohydrate reserves, probably resulted in the greater 
rooting of fresh cuttings than stored cuttings, and obviously, greater 
sprout numbers contributed to the nearly two-fold greater rooting 
among control cuttings than pruned cuttings (Table 9). 
Clonal differences in rooting were not significant, although 
Clone 1, which had the lowest root cutting volume (Table 2) and a low 
sprout number (Table 8), also had the smallest percentage of rooted 
cuttings (Table 9). 
Root sprouts from poplar cuttings with lateral root develop-
ment were taller than sprouts on cuttings without lateral roots due 
to the increased availability of water and nutrients (Schier and 
Campbell, 1976). However, in this study, the mean heights of the 
tallest sprouts on rooted and non-rooted cuttings were not signifi-
cantly different. The majority of the rooted sprouts were not the 
tallest sprouts, and it appears that smaller sprouts formed adven-
titious roots with greater ease than larger sprouts. The average 
height of the rooted sprouts was 39 mm and the average height of the 
disconnected sprouts was 28 mm, much smaller than the 63 mm mean 
height of the tallest sprouts. 
Although it can be recommended that root cuttings of quaking 
aspen be propagated under high light intensities to promote the forma-
tion of new roots by increasing carbohydrate production in the sprouts 
(Sandberg, 1951; Sandberg and Schneider, 1953), hormone balances may 
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be the factor most responsible for limiting root system development. 
The sprouting of quaking aspen root cuttings does not seem to create 
the necessary conditons to reactivate primary root apices or induce 
adventitious root initiation other than the etiolation of sprout bases 
which occurs naturally as a result of the propagating system. Perhaps 
treatment of sprouted root cuttings with auxins would promote root 
development (Eliasson, 1961) and permit the entire cutting to be out-
planted. If small pruned root cuttings were used, single-stem units 
might be successfully produced. 
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APPENDIX 
Figure 9. Layout of quaking aspen root cuttings in the propagation bench. 
Column 
Row 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 
1 9SP 7FP 7FP 2FC 9FP 2FP lSP 3FP lFP 3FP 7FC 2SP 9FC lFC lSP 7FC 7FP lSC 2SC lFC 
2 2SP 7SC 3SC lSP lFP 3FC 9SP 7FC 3SC 3FP lSP 2FC 9FP 2SC 3SC lFP 9SC lSP 2FP 9SC 
3 7Sf' 2FC 9SP 7FP lFC lFC lFC 9FC 9SP 2SP 7SC 9FP 2FP 2FC 7SP lFP 3SP 9FC 3FC 3SP 
4 3FP 3SP 2SC 3SC 3SC 9FC 2SC 7SC lFC 2FP 2FP 3FP 9FP 9SP lFC 2SC lFP 9FP lSP lFC 
5 lSC lFC 3SP 7SP 3FP 2SC 9FC 2SC 2FP 2FC 7FP 7FP 7SC 9SC lSC 2FC 3SP 9SC 3SP 7SC 
6 9SP 2FP 7SC 2SP 7FP 7FC lSC lFP 9SP 7SP 2SP lFC 3FP 3FC 3SP 9SC 3FP 3FC 2SC lFP 
7 2FC 2FC 9SC 9FP 9FP 7SP 9FC 3SC 2FC 7SC 3SC 2SP 3SC lSP 9SC 3FC 9SC 2FP 7SC lSC 
~ 
8 3FC lSC 7FP 3SP 9FP 7FC 9SP 7SP 9FC 3FP lFP 7FC 9SC 2SP lSC lSP 3FC 3FP 9FC 2SC 00 
9 7FC 9FP 2SP 9FC 3FC 2FP 2SP 3FC 7SP 9FC 9SC 7SP lSP 7SP 7FP 3SC lFP 7FC 7SP lSP 
10 2SP 9SP 3SP lSC 3SP 7SC lFP lSC 3SC 2SC 2FP 9FP 7FC 2FC 7FC lSC 7FP 3FC 7SC 9SC 
Key to the three-symbol root cutting identification system. 
Clone number- 1, 2, 3, 7, 9. N 
Storage treatment- F = fresh; S = stored. r Pruning treatment- C = control; P = pruned. 

Figure 10. Sample data sheet. 
100 
Quaking Aspen Root Cutti ng Study 
Clone no. Bench locati on: column row Rep. no. ---- ---- ---- ---
Treatments: stored fresh control runed ---- ---- ____ _, -----
Hei ght1 Remarks Observer Date No. sprouts 
Cur. Cum. 1 2 3 4 5 
Root cutting diameter mm New roots formed from: 
Root cutting length mm 
Root cutting volume mm3 
Sprouts Cutting 
1 2 3 4 
Sprout ht. X 
1Measure the five ta 11 est 
No. of roots 
Length 1 





Table 10. Two-way analysis of variance of root cutting volume by clone and storage treatment. 
Source of variation DF1 Sum of Squares Mean Square F p 
Total 199 2617126.xl0 4 131513880. 979 
Main effects 
clone 4 785199984. 068 196299996.017 1.595 .177 
storage 1 488389728.368 488389728.368 3.968 .048 
Two-way interaction 
clo ne x storage 4 1509576168.699 377394042 .175 3.066 . 018 
Residual 190 2338809.xl04 123095244.388 





Table 11. Two-way analysis of variance of days-to-sprout by clone and 
storage treatment with root cutting volume.1 
Source of Variation OF Sum of Squares Mean Square F p 
Tota 1 103 9092.913 88.281 
Covariate 
volume 1 107 .492 107.492 1.222 .272 
Main eff ects 
clone 4 301.278 75.320 .856 .493 
storage 1 99.751 99.751 1.134 .290 
Two-way interaction 
clone x storage 3 356.118 118. 706 1.350 .263 
Residual 94 8228.274 87.535 
1oata from sprouted root cuttings only. 
2oegrees of freedom. 
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Table 12. Three-way analysis of variance of height of the tallest 
sprout by clone
1 
storage treatment, and pruning treatment, with root 
cutting volume. 
Source of Variation DF2 Sum of Squares Mean Square F p 
Tota 1 103 101977. 913 990.077 
Covariate 
volume 1 11585. 947 11585.947 13.836 .001 
Main effects 
clone 4 5620.848 1405.212 1.678 .162 
storage 1 950.221 950.221 1.135 .290 
pruning 1 622. 013 622.023 .743 .391 
Two-way interactions 
clone x storage 3 5739.266 1913.089 2.285 .084 
clone x pruning 4 2029.834 507.458 .606 .659 
storage x pruning 1 298.486 298.486 .356 .552 
Three-way interaction 
clone x storage x 
pruning 1 918.941 918. 941 1.097 .298 
Residual 87 72850.797 837.365 
1Data from sprouted root cuttings only. 
2oegrees of freedom. 
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Table 13. Two-way analysis of vari ance of sprout number by clone 
storage treatm ent with root cuttin g volume and days-to-sprout.1 
Source of variation DF2 Sum of Squares Mean Square F 
Total 48 2337.551 48.699 
Covariates 
volume 1 370.008 370.008 20.254 
days-to-spro ut 1 209.42 1 209.42] 11. 464 
Main effe cts 
clone 4 586.554 146.639 8.027 
storage 1 163.610 163.610 8.956 
Two-way inte racti on 
clone x storage 1 9.68 9 9.689 .530 
Residual 40 730. 722 18.268 
1oata from spr outed control roo t cuttings only. 








Table 14. Two-way analysis of variance of root cutting volume by clone and storage treatment for the 
sprouted control root cuttings. 






cl one x storage 
Residual 






Sum of Squares 
8694534607.760 
2243091461.835 
89499938.671 
43160724.689 
6318828119.488 
Mean Square 
181136137 .662 
560772865.459 
89499938.671 
43160724.689 
150448288.559 
F 
3. 727 
.595 
.287 
p 
.011 
.445 
.595 
...... 
0 
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